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ABSTRACT  
With the ageing driving population, the number of older drivers with visual impairment is 
anticipated to rise. This has significant implications for road safety as numerous studies have 
demonstrated that older drivers with visual impairment have higher crash rates relative to 
their visually-normal counterparts. However, the mechanisms underlying the elevated crash 
rates of this group of drivers are poorly understood. One approach to address this gap in 
knowledge is by exploring the eye movements of drivers with visual impairment. Eye 
movements play an important role in driving, particularly in scanning the driving 
environment for potential traffic hazards. However, the eye movement patterns adopted by 
drivers with visual impairment remain largely unexplored. The purpose of this research was 
to better understand how various types of visual impairment (including optical blur and 
glaucomatous field loss) affect drivers’ eye movement patterns, and to explore their 
association with driving-related task performance.  
Experiment 1 was a repeated-measures counterbalanced study that evaluated the effects of 
optical blur, auditory distractors, and age on eye movement patterns and performance on 
laboratory-based driving-related tasks. Twenty young (mean age = 27.1 ± 4.6 years) and 20 
older drivers (mean age = 73.3 ± 5.7 years) performed two laboratory-based driving-related 
tasks: the DriveSafe and the Hazard Perception Test (HPT). The DriveSafe is a Visual 
Recognition Slide Test consisting of brief presentations of static, real-world driving scenes 
that contain a variety of road users (pedestrians, bicycles and vehicles). Participants reported 
the types, positions, and direction of travel of road users in each image, and the number of 
correctly reported items was recorded as the DriveSafe score. The HPT involves viewing a 
series of real-world traffic video clips recorded from the driver’s perspective. Participants 
responded to traffic hazards appearing in the videos with a mouse click, and their hazard 
response times were recorded. Both the DriveSafe and HPT were performed under two visual 
conditions (best-corrected vision and with +2.00DS blur); and the HPT was additionally 
performed under two distractor conditions (with and without an auditory distractor). 
Participant’s eye movements were tracked with a Tobii TX300 desk-mounted eye tracker 
while they performed the tasks. 
Blur significantly reduced the DriveSafe scores of the young drivers to a greater extent than 
the old (average reductions of 22% and 13% respectively), and significantly delayed the 
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hazard response time on the HPT of both groups by an average of 0.42 seconds (s). A 
significant age × distractor interaction effect showed that the hazard response time of the 
older drivers was more delayed with distractors compared to the young (average delays of 
0.96 and 0.60 s respectively). While completing the DriveSafe in the presence of blur, both 
groups of drivers exhibited reduced saccade amplitudes, horizontal search variance, and 
fixation duration on the DriveSafe road users compared to best-corrected vision. Blur also 
resulted in significantly longer fixations on the HPT hazards before response compared to 
best-corrected vision, while distractors resulted in significantly increased number of fixations 
per second, larger saccade amplitudes, wider horizontal search variance, and more delayed 
first fixation on the hazards. On both tests, the older drivers exhibited significantly smaller 
saccades and more delayed first fixation on the HPT hazards than the young drivers. 
In Experiment 2, the influence of glaucomatous visual impairment on eye movement patterns 
and performance on the DriveSafe and HPT was explored in a case-control study of 31 older 
drivers with glaucomatous visual field defects (mean age = 71.1 ± 6.6 years) and 25 age-
matched controls with normal vision (mean age = 71.9 ± 6.6 years). Eye movements were 
recorded with the Tobii TX300 while they performed the tasks. The glaucoma group 
performed significantly poorer than the controls on both tasks, with an average of a 3% 
decrease in DriveSafe scores and a 0.42 s delay in hazard response time. In addition, the 
glaucoma group exhibited significantly smaller saccades during both tests, as well as shorter 
fixation durations on the DriveSafe road users and more delayed first fixation on the HPT 
hazards than the controls. A group × saccade amplitude interaction effect on hazard response 
time showed that larger saccades were linked to faster hazard response times in the glaucoma 
group, but not for the controls.  
Experiment 3 was a case-control study that investigated the eye movement patterns and 
closed-road driving performance of 14 older drivers with glaucomatous visual field defects 
(mean age = 72.0 ± 6.7 years) and ten age-matched controls with normal vision (mean age = 
70.6 ± 7.4 years). Eye movements were tracked with an ASL Mobile eye-XG, and head 
movements were recorded using the in-built gyroscope sensors of a smart phone secured on 
the head. The glaucoma group demonstrated significantly poorer overall driving performance 
than the controls (overall driving z-scores of −0.23 and 0.38 respectively), and on average hit 
16% more low-contrast hazards than the controls, while there was no significant group 
difference in sign recognition scores and lane keeping. In terms of scanning behaviour, the 
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glaucoma group made significantly larger saccades, demonstrated larger horizontal and 
vertical search variances than the controls. Additionally, there was a significant relationship 
between larger saccades and better driving performance in the glaucoma group, but not in the 
control group.  
In summary, Experiments 1 and 2 demonstrated the negative effects of optical blur and 
glaucoma on laboratory-based driving-related tasks performance. Importantly, this is the first 
time that hazard response time was shown to be delayed with optical blur and glaucomatous 
visual loss, which may be one of the reasons underlying the elevated crash rates of drivers 
with visual impairment. The reduced hazard detection ability of older drivers with glaucoma 
was further demonstrated in the closed-road driving assessment in Experiment 3, where they 
performed worse than age-matched controls, with their greatest difficulty being avoidance of 
low-contrast hazards.  
While performing laboratory-based driving-related tasks, the presence of optical blur and 
glaucoma resulted in eye movement pattern alterations that suggest decreased visual scanning 
of the driving scenes in these laboratory-based tasks. These changes further reflect the 
increased difficulty in viewing and resolving details in the driving scene in the presence of 
visual impairment. On the closed-road, however, larger saccades and search variances were 
observed among older drivers with glaucoma relative to the controls, which suggest a larger 
extent of visual search. During the laboratory-based HPT task and closed-road driving, the 
link between larger saccades and better task performance in the glaucoma group may 
represent some form of compensatory visual scanning behaviour, although this needs to be 
further explored in future studies. 
Given the anticipated increase in number of drivers with visual impairment, it is important to 
understand the impact of visual impairment on driving-related performance. The current 
findings contribute to this understanding, particularly regarding how road scanning behaviour 
is affected by visual impairment among older adults with visual impairment and how this is 
associated links with driving-related performance.
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 Introduction 
1.1. Background 
Driving is the preferred mode of transport in Australia (Wen, Orr, Millett, & Rissel, 2006) 
and in many other developed countries across the world (Hu & Teuscher, 2004). Indeed, for 
many older adults, driving is an important part of their daily lives, being essential to their 
mobility, social interaction, and quality of life (Fonda, Wallace, & Herzog, 2001). The ability 
to drive safely is dependent upon a driver’s vision (Owsley & McGwin, 2010), as it requires 
accurate perception of the driving environment and effective manoeuvring of the vehicle 
(Land, 2006). Drivers need to constantly process extensive amounts of visual information 
from the driving environment (e.g. traffic lights, road signs, pedestrians, and other road users) 
to allow judgements of vehicle speed, lane positioning, and detection of potential hazards.  
The high levels of visual processing and awareness involved in driving have implications for 
the ageing driving population, many of whom have visual impairment. The increase in 
prevalence of visual impairment in older adults occurs as a result of the normal age-related 
changes to the visual system (Owsley, 2011) and increased prevalence of ocular disease (Eye 
Diseases Prevalence Research Group, 2004; Maberley et al., 2006; Taylor et al., 2005). The 
leading cause of reversible visual impairment is uncorrected refractive error, which accounts 
for 62% of visual impairment in Australia (Taylor, et al., 2005) and 42% globally (Mariotti, 
2012; Pascolini & Mariotti, 2012). This has significant implications for driving safety as 
optical blur has been shown to reduce drivers’ ability to recognise pedestrians, hazards, and 
road signs as demonstrated in closed-road studies (Higgins, Wood, & Tait, 1998; Wood, 
Chaparro, & Hickson, 2009a; Wood, Chaparro, & Carberry, 2007; Wood et al., 2014a), with 
these effects exacerbated during night-time driving (Wood, Chaparro, Carberry, & Chu, 
2010a; Wood, et al., 2014a; Wood, Marszalek, Carberry, Lacherez, & Collins, 2015; Wood et 
al., 2012b). Even though visual impairment caused by refractive error can be reversed 
through corrective spectacle lenses, many older adults are likely to be driving with under- or 
uncorrected refractive error (Keeffe, Jin, Weih, McCarty, & Taylor, 2002). 
Another major cause of visual impairment worldwide is glaucoma (Mariotti, 2012; Pascolini 
& Mariotti, 2012; Resnikoff et al., 2004) which, unlike refractive error, causes irreversible 
vision loss. With an estimated global prevalence of up to 3.5% among adults over 40 years 
old (Chan et al., 2016; Gupta et al., 2016; Tham et al., 2014), the number of older adults with 
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glaucoma is predicted to rise by more than 50% within the next few decades (Chan, et al., 
2016; Quigley & Broman, 2006; Tham, et al., 2014). In Australia, glaucoma has been 
reported to account for 8% of visual impairment and 14% of blindness from ocular diseases 
in those over 50 years of age (Taylor, et al., 2005). Glaucomatous visual loss typically starts 
in the paracentral or mid-peripheral regions of the visual field and, if left untreated, gradually 
extends to affect a larger area of the visual field, ultimately reducing central vision (Aulhorn 
& Karmeyer, 1977; Hart & Becker, 1982; Reddy, 2006). While there have been considerable 
advances in pharmacological and surgical therapies for glaucoma (Kersey, Clement, Bloom, 
& Cordeiro, 2013; Walland, 2004), current treatments can only prevent or slow down disease 
progression, and any vision loss caused by glaucoma remains irreversible (Kersey, et al., 
2013). Furthermore, older adults with glaucoma also exhibit changes in their cognitive and 
physical function, including delayed reaction times (Tatham et al., 2014), declines in visual 
processing abilities (Tatham, et al., 2014), and increased physical frailty compared to those 
without the disease (Black, Wood, & Lovie-Kitchin, 2011a, 2011b; Black, Wood, Lovie-
Kitchin, & Newman, 2008). The collective declines in visual function, visual processing, 
reaction time, and physical status in individuals with glaucoma have adverse effects on 
functioning in everyday activities, particularly driving performance.  
While numerous studies have reported poorer driving performance among older drivers with 
glaucoma compared to those without the disease on the open-road (Bhorade et al., 2016; 
Bowers, Peli, Elgin, McGwin, & Owsley, 2005; Haymes, LeBlanc, Nicolela, Chiasson, & 
Chauhan, 2008; Wood, Black, Mallon, Thomas, & Owsley, 2016) and in driving simulators 
(Kunimatsu-Sanuki et al., 2015; Szlyk, Mahler, Seiple, Edward, & Wilensky, 2005), there is 
considerable disagreement in findings reported across studies. Indeed, some open-road 
(Haymes, et al., 2008; Kasneci et al., 2014) and driving simulator (Kubler et al., 2015) studies 
have suggested that drivers with mild to moderate glaucomatous visual impairment are still 
able to drive as safely as those with normal vision. Studies on the rates of traffic crash 
involvement have also produced conflicting findings. While some studies have reported that 
older drivers with glaucoma have elevated crash rates (Kwon et al., 2015; McGwin, 
Huisingh, Jain, Girkin, & Owsley, 2015; McGwin et al., 2005), another argued that this group 
of drivers are marginally less likely to have been involved in a state-record traffic crash as 
compared to controls (McGwin et al., 2004). These inconsistencies in findings highlight the 
need for more research in order to better understand the impact of glaucoma on driving safety 
and performance. 
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One way to gain better insight into the impact of glaucomatous visual impairment on driving 
ability and safety is to explore drivers’ eye movement patterns. Safe driving involves 
effective scanning of the driving environment in order to efficiently navigate and scan for 
potential hazards on the road (Mourant & Rockwell, 1972; Pradhan et al., 2005). 
Investigating drivers’ eye movements would provide valuable information on where visual 
attention is directed in the driving scene. Studies have demonstrated that eye movement 
patterns can vary among visually-normal drivers of different age groups (Pradhan, et al., 
2005), experience levels (Chapman & Underwood, 1998; Edwards, Caird, & Chisholm, 2008; 
Pradhan, et al., 2005; Underwood, Phelps, Wright, van Loon, & Galpin, 2005), and in the 
presence of distractors (Hammel, Fisher, & Pradhan, 2002; Victor, Harbluk, & Engström, 
2005). However, little is known about how drivers’ eye movements are altered with visual 
impairment. Changes in eye movement patterns have been noted in visually-impaired adults 
while performing daily tasks such as walking (Cheong, Geruschat, & Congdon, 2008; 
Geruschat, Hassan, Turano, Quigley, & Congdon, 2006; Turano, Geruschat, Baker, Stahl, & 
Shapiro, 2001; Vargas-Martin & Peli, 2006), reading (Sunness, Applegate, Haselwood, & 
Rubin, 1996; Trauzettel-Klosinski & Brendler, 1998), and visual search (Smith, Glen, & 
Crabb, 2012; Van der Stigchel et al., 2013). However, only a few studies have examined eye 
movement patterns while driving (Crabb et al., 2010; Kasneci, et al., 2014; Prado Vega, van 
Leeuwen, Rendon Velez, Lemij, & de Winter, 2013), and have reported conflicting findings. 
For example, simulator (Bahnemann et al., 2015; Kubler, et al., 2015) and on-road studies 
(Kasneci, et al., 2014; Wood et al., 2011) have found that among drivers with visual field 
defects from glaucoma and hemianopia, better driving performance was associated with 
increased scanning towards the non-seeing field. Conversely, Prado Vega et al. (2013) did not 
observe any alterations in eye movement patterns that were suggestive of increased visual 
search among drivers with glaucomatous visual field loss in a driving simulator. Furthermore, 
with the increasing complexity of the driving environment, sources of distractions are 
becoming more common and it is likely that drivers with visual impairment will also 
encounter distractions while driving, however, the interaction between visual impairment and 
distractors on drivers’ eye movement patterns has not been studied. 
1.2. Study aims 
In view of the limited and inconsistent findings regarding the scanning behaviour of older 
drivers with various types of visual impairment, further exploration is warranted. Therefore, 
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the aims of this research were to evaluate how the eye movement patterns of older drivers are 
affected by visual impairment, specifically those arising from optical blur and glaucoma, 
while performing laboratory-based driving-related tasks and during closed-road driving. To 
achieve this goal, three experiments were conducted, which are outlined in the following 
section. 
1.3. Thesis outline 
A literature review outlining the changes in vision with ageing and the importance of vision 
and eye movements for driving is provided in Chapter 2. This includes a review of previous 
research on the various factors that can affect eye movement patterns while driving, with an 
emphasis on the effects of visual impairment. This chapter provides a background to the 
thesis on which the study plan was based. 
Chapter 3 describes Experiment 1, which investigated how the eye movement patterns and 
performance on laboratory-based driving-related tasks are affected by optical blur, auditory 
distractors, and age. Since uncorrected refractive error is the leading cause of reversible 
visual impairment (Pascolini & Mariotti, 2012; Taylor, et al., 2005; Van Newkirk, Weih, 
McCarty, & Taylor, 2001), using optical blur provided a useful way of exploring eye 
movement patterns in the presence of reduced central vision. Chapter 4 presents Experiment 
2, which evaluated how the eye movement patterns and performance on laboratory-based 
driving tasks differ between older drivers with glaucomatous visual field loss and those with 
normal vision. Experiment 3 is described in Chapter 5, in which the eye movement patterns 
and driving performance of older adults with glaucomatous loss were explored while they 
drove along a closed-road circuit. Finally, Chapter 6 summarises the major observations of 
the three experiments, considers the implications of this research, and describes the needs and 
topic suggestions for future studies. 
1.4. Significance of study 
With the ageing driving population, the number of older drivers with visual impairment is 
expected to rise. Data on eye movements can provide unique information regarding the 
regions of the driving visual scene that the driver attends to, and allows a better appreciation 
of the impact of visual impairment on driving abilities and visual search behaviour on the 
road. Despite the utility of eye movement tracking as a tool to better understand driving 
ability and safety, the eye movement patterns of individuals with visual impairment while 
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performing driving-related activities have not been widely evaluated. Research on this topic 
is important to enable understanding of the scanning behaviour of older drivers with visual 
impairment and provide greater insight into the impact of visual impairment on driving 
ability. Furthermore, this knowledge potentially provides a basis for eye movement training 
interventions to improve the scanning behaviour of drivers with visual impairment, and hence 
their driving ability and safety. 
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 Literature Review 
2.1. Age-related changes in vision 
Declines in visual function are well-known to occur with increasing age (Owsley, 2011; 
Sekuler & Sekuler, 2000). These declines partly result from normal age-related physiological 
changes in the ocular system such as senile miosis and decrease in crystalline lens 
transparency, which reduce the amount of light entering the eye to reach the photoreceptors 
(Sekuler & Sekuler, 2000). Age-related reductions in the number of photoreceptors (Jackson, 
Owsley, & Curcio, 2002; Panda-Jonas, Jonas, & Jakobczyk-Zmija, 1995; Weale, 1992), 
retinal ganglion cells (Harman, Abrahams, Moore, & Hoskins, 2000; Weale, 1992), and 
decreased integrity of the visual-neural pathways (Weale, 1992) also affect older adults’ 
visual function. Collectively, these changes can result in decreased visual acuity (VA) and 
contrast sensitivity (Elliott, Yang, & Whitaker, 1995; Gittings & Fozard, 1986; Haegerstrom-
Portnoy, Schneck, & Brabyn, 1999; Owsley, Sekuler, & Siemsen, 1983), especially under 
low-light levels (Haegerstrom-Portnoy, et al., 1999; Jackson, et al., 2002), as well as reduced 
visual field sensitivity that becomes evident with increasing age (Haegerstrom-Portnoy, et al., 
1999; Jackson, et al., 2002; Johnson, Adams, & Lewis, 1989). In addition to deteriorations in 
visual function, the normal ageing process is associated with declines in visual processing 
speeds (Plude & Hoyer, 1986), reaction times (Deary, Allerhand, & Der, 2009a; Fozard, 
Vercryssen, Reynolds, Hancock, & Quilter, 1994), as well as other physical (Fried et al., 
2001; Fulop et al., 2010) and cognitive functions (Deary et al., 2009b; Khan, Martin-
Montanez, Navarro-Lobato, & Muly, 2014; Salthouse, 2003). Collectively, these changes 
compound the difficulties that older adults experience while performing activities that require 
rapid information processing such as driving. 
Importantly, the prevalence of ocular disease is also elevated in older adults (Attebo, 
Mitchell, & Smith, 1996; Congdon, Friedman, & Lietman, 2003; Pascolini & Mariotti, 2012; 
Resnikoff, et al., 2004; Taylor, et al., 2005; Taylor, Livingston, Stanislavsky, & McCarty, 
1997). While the past few decades have seen major advances in the treatment of many age-
related eye diseases, many treatments may not be implemented in time, or may be ineffective 
in preventing disease progression. As a result, irreversible and significant vision loss may 
occur, which has considerable functional and socioeconomic impacts on patients’ lives (Chia 
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et al., 2004; Taylor, Pezzullo, & Keeffe, 2006), making it a major public health concern 
(Mariotti, 2012; Pascolini & Mariotti, 2012; Resnikoff, et al., 2004; Taylor, et al., 2005).   
2.1.1. Ageing and visual impairment 
In Australia, the prevalence of bilateral visual impairment is 2.6% (Taylor, et al., 2005), 
based on a visual impairment definition of best-corrected VA of worse than 6/12 in the better 
eye (Taylor, et al., 2005). This figure increases dramatically with older age (Taylor, et al., 
1997; Wang, Foran, & Mitchell, 2000), rising from approximately 0.6% among adults aged 
49 to 59 years old, to 26.3% among those above 80 years of age (Van Newkirk, et al., 2001; 
Wang, et al., 2000). The main causes of visual impairment across all age groups in Australia 
are uncorrected refractive error (62%), cataract (14%), age-related macular degeneration 
(AMD; 10%), and glaucoma (3%) (Taylor, et al., 2005; Van Newkirk, et al., 2001). Given the 
ageing population in Australia, more older adults are anticipated to be affected by these eye 
conditions in the next few decades (Friedman et al., 2004; Quigley & Broman, 2006; 
Saaddine et al., 2008; Tham, et al., 2014; Wong et al., 2014). As a result, the number of those 
with visual impairment is also projected to rise, from approximately 430,000 (as of the year 
2004) to 800,000 by the year 2024 in Australia (Taylor, et al., 2005). Furthermore, these 
estimates were based on best-corrected VA (Taylor, et al., 2005), and failed to take visual 
field defects into account. Therefore, the true prevalence of visual impairment may be 
underestimated, given that 16% of the population over age 40 reportedly had some form of 
visual field abnormality in at least one eye according to the Melbourne Visual Impairment 
Project (Taylor, et al., 1997). 
The high prevalence of visual impairment is a cause for concern, given the negative impact of 
visual impairment on quality of life (Chia, et al., 2004; Knudtson, Klein, Klein, 
Cruickshanks, & Lee, 2005; McKean-Cowdin et al., 2008) and psychological well-being 
(Hayman et al., 2007; Varma et al., 2006). In the presence of visual impairment, performing 
everyday tasks, such as walking, reading, and recognising faces becomes challenging (West 
et al., 2002), and the incidence of falls and injuries also increases (Black & Wood, 2005). Out 
of all the activities of daily living, driving difficulty is one of the most frequent complaints 
among individuals with visual impairment (Berdeaux, Nordmann, Colin, & Arnould, 2005; 
Ramulu, 2009; Takahashi, Otori, Urashima, & Kuwayama, 2015). The following section 
reviews the association between various visual function measures and driving ability and 
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safety, as well as the negative impacts of visual impairment in relation to driving 
performance and safety. 
2.2. Vision and driving 
Vision is a major sensory input for driving (Hills, 1980), providing the driver with important 
information to respond to the changing traffic situation and perform appropriate vehicle 
manoeuvres. However, age-related deteriorations in the visual system can negatively impact 
on various aspects of visual function, and these effects are exacerbated in the presence of age-
related ocular diseases (Alexander et al., 1988; Chandramohan et al., 2016; Chua, Mitchell, & 
Cumming, 2004; Elliott, Hurst, & Weatherill, 1990; Herse, 2005; Nelson, Aspinall, 
Papasouliotis, Worton, & O'Brien, 2003). It is therefore important to understand the 
association between standard visual function measures and driving performance and safety in 
older drivers. 
2.2.1. Visual acuity 
Visual acuity measurement is the most commonly used test performed for driving licencing 
worldwide due to its convenience and ease of administration, and having a certain minimum 
level of VA is one of the mandatory vision standards for obtaining a driving licence 
worldwide. In Australia, drivers are required to have a minimum VA of 6/12 binocularly or at 
least in one eye, in order to obtain an unconditional private licence (Austroads, 2016). In the 
United States (US), VA standards vary between states, ranging from 6/12 to 6/21 in the better 
eye or both eyes (Bron et al., 2010; Owsley & McGwin, 2010; Steinkuller, 2010). Similarly, 
most European countries have a minimum binocular VA requirement of 6/12, except for 
Italy, which has a strict VA standard of 6/6 binocularly. In the United Kingdom, drivers are 
required to pass a “number plate test” where they binocularly read the registration plate of a 
motor vehicle 20 m ahead (equivalent to a 6/12 letter) (Bron et al., 2010; Driver & Vehicle 
Licensing Agency, 2016). 
Visual acuity decreases with normal ageing, particularly after the age of 60 (Decina & 
Staplin, 1993; Elliott, et al., 1995; Owsley, et al., 1983), although this decline is usually 
small, with VA reduced to approximately 6/7.5 in community-dwelling adults over 80 years 
of age (Rubin et al., 1997). However, significant reductions in VA can also result from 
common age-related eye conditions such as uncorrected refractive error and AMD.  
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Analysis of traffic crash data has revealed that there is a relationship between VA and crash 
risk, although most of the associations found were weak at best (Decina & Staplin, 1993; 
Owsley et al., 1998a; Owsley, Stalvey, Wells, Sloane, & McGwin, 2001; Rubin et al., 2007). 
In a study of over 300 older drivers with and without cataracts, Owsley et al. (2001) reported 
that having VA of between 6/9 and 6/15 was significantly associated with state-recorded at-
fault crash involvement (odds ratio [OR] of 3.2), while VA levels of worse than 6/15 were 
only marginally associated with at-fault crash involvement (OR of 3.1) after adjusting for 
other health factors and driving exposure. In another study of 174 older adults (Sims, Owsley, 
Allman, Ball, & Smoot, 1998), drivers with a history of state-recorded at-fault crashes in the 
previous six years had significantly worse VA than those who were crash-free (6/7.5 and 6/5 
respectively), however, the analysis was not adjusted for other factors such as co-morbidities 
and other vision measures. Gresset and Meyer (1994) compared drivers with VA better than 
6/12 to those with VA between 6/12 and 6/15, and found that the group of drivers with the 
worse VA were significantly more likely to have had a state-recorded crash in the prior 12 
months, albeit only marginally, and this relationship was no longer significant when the 
presence, or lack of, binocularity was taken into consideration. Weak associations between 
VA and crash involvement have similarly been reported in many other studies (Ivers, 
Mitchell, & Cumming, 1999; Kwon, et al., 2015; Margolis et al., 2002; Owsley, Ball, Sloane, 
Roenker, & Bruni, 1991).  
The possible link between reduced VA and increased crash involvement might be related to 
the fact that poorer VA reduces a driver’s ability to recognise traffic signs and potential 
traffic hazards, particularly from a distance that allows sufficient time to react and perform 
necessary manoeuvres such as slowing down or changing lanes (Owsley & McGwin, 2010). 
Indeed, daytime closed-road experiments have demonstrated that reduced VA from 
uncorrected refractive error, as simulated with optical blur, significantly affected the driving 
performance of young and older drives with normal vision, particularly in their road sign 
recognition and low-contrast hazard avoidance (Higgins, et al., 1998; Wood, et al., 2009a; 
Wood, et al., 2007; Wood, et al., 2014a). Furthermore, these negative effects of reduced VA 
with optical blur on closed-road driving performance were found to be greater at night time 
(Wood, et al., 2010a; Wood, et al., 2014a; Wood, et al., 2015; Wood, et al., 2012b). Even low 
levels of VA reduction (by 0.07 logMAR, through optical blur) resulted in a significant 
decrease in the distance required to recognise pedestrians at night, reducing from 
approximately 90 metres (m) with best-corrected vision, to 70 m with +0.50 dioptres sphere 
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(DS) of optical blur among young and older drivers on a closed-road; recognition distances 
were further reduced to 52 m and 28 m with +1.00 DS and +2.00 DS blur respectively 
(Wood, et al., 2015). The same group of researchers (Higgins, et al., 1998) estimated that VA 
level, as manipulated with optical blur, accounted for 48% and 51% of variance in sign 
recognition and road hazard avoidance in the daytime. Drivers were also reported to take 
longer to complete a closed-road driving course with optical blur in the day and at night, 
possibly in an attempt to compensate for their blurred vision by reducing their driving speeds 
(Wood, et al., 2010a; Wood, et al., 2009a; Wood, et al., 2014a). Conversely, other driving 
manoeuvres such as gap clearance and lane-keeping, were unaffected by optical blur (Wood, 
et al., 2010a; Wood, et al., 2009a; Wood, et al., 2014a). These negative effects of optical blur 
are a cause for concern, given that uncorrected refractive error is the leading cause of visual 
impairment among older adults worldwide (Eye Diseases Prevalence Research Group, 2004; 
Mariotti, 2012; Pascolini & Mariotti, 2012) and in Australia (Taylor, et al., 2005; Van 
Newkirk, et al., 2001). One study (Keeffe, et al., 2002) estimated that 80% of the visual 
impairment in older drivers are caused by uncorrected refractive error, although the sample 
size in that study was small (n = 46). 
Another common eye condition that significantly impacts VA is AMD. Unlike refractive 
error, the vision loss caused by AMD is irreversible. Driving difficulty is a common 
complaint among older adults with AMD (Berdeaux, et al., 2005; Mangione et al., 1998; 
Mangione, Gutierrez, Lowe, Orav, & Seddon, 1999), particularly at night (Owsley, McGwin, 
Scilley, & Kallies, 2006), even in the early stages of the disease when VA is usually no worse 
than 6/9.5 (Scilley et al., 2002). In spite of this, there is very limited literature on the 
relationship between VA reductions in AMD and driving performance. To date, there has 
only been one study conducted on drivers with AMD (mean VA of 6/21), in which higher 
VA levels were found to be significantly correlated with better driving performance in the 
simulator and on the open-road (Szlyk et al., 1995). 
A possible reason why the weak correlation between VA and crash involvement (Ivers, et al., 
1999; Kwon, et al., 2015; Margolis, et al., 2002; Owsley, et al., 1991) does not reflect the 
findings of closed-road experiments (Higgins, et al., 1998; Wood, et al., 2010a; Wood, et al., 
2009a; Wood, et al., 2014a; Wood, et al., 2015) could be because of the increased likelihood 
of drivers with reduced VA to cease or limit their driving (Decina & Staplin, 1993; Freeman, 
Munoz, Turano, & West, 2006; Owsley, et al., 1998a; Owsley, et al., 2001; Rubin, et al., 
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2007). In the Blue Mountains Eye Study for instance, drivers were found to be 2.5 times 
more likely to give up driving if their VA was worse than 6/12 (Gilhotra, Mitchell, Ivers, & 
Cumming, 2001; Ivers, et al., 1999), although it was unclear whether driving cessation was 
voluntary or due to the legal requirements for driving. It is also important to note that some of 
the studies which have found increased crash rates in drivers with worse VA did not correct 
for possible confounders, such as loss in visual fields and contrast sensitivity (Davison, 1985; 
McCloskey, Koepsell, Wolf, & Buchner, 1994), which also deteriorate with older age and 
ocular diseases. Since VA is a measure of the ability to resolve high-contrast and fine details 
in a static environment, it may be a poor reflection of visual performance in a highly dynamic 
task such as driving, where the objects in the environment also vary in contrast. It is therefore 
essential to consider the important role of other visual function measures in relation to driving 
safety. 
2.2.2. Contrast sensitivity 
Unlike VA, contrast sensitivity testing is not routinely performed in driving licensure and 
clinical settings (Moseley & Hill, 1994), however, its importance in the driving task should 
not be underestimated. In the driving environment, objects vary in contrast and the visibility 
of the road can be reduced in rainy and foggy conditions, and at night (Broughton, Switzer, & 
Scott, 2007). Good contrast sensitivity is therefore likely to be important for drivers to be 
able to extract visual information from the driving environment. Indeed, drivers with reduced 
contrast sensitivity have reported more difficulty with driving as compared to those with 
normal levels of contrast sensitivity (McGwin, Chapman, & Owsley, 2000a; Rubin, Roche, 
Prasada-Rao, & Fried, 1994). 
Contrast sensitivity begins to deteriorate as early as 20 years of age, decreasing by an average 
of 0.1 log units per decade, especially in the mid to high spatial frequency range (Owsley, et 
al., 1983; Rubin, et al., 1997). This physiological decline in contrast sensitivity is gradual, 
and may only be noticeable after 40 years of age at higher spatial frequencies. Among adults 
free of ocular disease, log contrast threshold is approximately 2.4 log units at the age of 20 at 
the peak of the contrast sensitivity function (spatial frequency of 4 cycles per degree) and 
drops to around 1.7 log units at 80 years of age (Owsley, et al., 1983). In the presence of 
ocular disease, such as cataracts, glaucoma and AMD, contrast sensitivity is further affected, 
and may have a considerable impact on driving ability and safety. 
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The negative impact of reduced contrast sensitivity on driving safety is supported by findings 
of elevated crash risk in various studies (Ball, Owsley, Sloane, Roenker, & Bruni, 1993; 
Owsley, et al., 2001). For example, one study (Owsley, Stalvey, Wells, & Sloane, 1999) 
reported that older drivers with cataract, a disease that causes significant reductions in 
contrast sensitivity, were 2.5 times more likely to have a history of at-fault crash in the past 
five years compared with those with no cataracts after adjustment for driving exposure. In 
another study of 377 older drivers with and without cataract, Owsley et al. (2001) reported 
that older drivers with contrast sensitivity less than 1.25 log units in the worse eye, were eight 
times more likely to be involved in an at-fault traffic crash in the previous five years, as 
compared to those with good contrast sensitivity. Conversely, other large-scale driving 
studies (Owsley, McGwin, & Ball, 1998b; Rubin, et al., 2007) did not find a significant link 
between state-recorded crash involvement and impaired contrast sensitivity. 
Findings from closed-road studies have produced more consistent findings on the detrimental 
effects of reduced contrast sensitivity on driving performance. In a study of 139 drivers of 
various age groups and visual status (Wood, 2002a), contrast sensitivity was found to be 
positively correlated with overall closed-road driving performance. Better contrast sensitivity 
was likewise associated with better recognition of road signs, pedestrians, and low-contrast 
road hazards during daytime closed-road driving (Wood & Owens, 2005). At night-time, 
good contrast sensitivity becomes more important for these closed-road recognition measures 
(Wood & Owens, 2005; Wood, Tyrrell, & Carberry, 2005; Wood, et al., 2012b). 
Furthermore, among a sample of older adults with cataracts, Wood and Carberry (2006) 
showed that the amount of change in contrast sensitivity following cataract surgery was the 
best predictor of the associated improvements in overall daytime closed-road driving 
performance. Simulated cataracts have also been found to negatively impact on night-time 
driving performance (Wood, et al., 2012b) and detection of low-contrast hazards and 
pedestrians on the closed-road (Wood & Owens, 2005). Open-road experiments have 
reported similar findings (Bowers, et al., 2005; Haymes, et al., 2008). Among drivers with 
visual impairment from glaucoma (Bowers, et al., 2005; Haymes, et al., 2008) and retinitis 
pigmentosa (Bowers, et al., 2005), poorer contrast sensitivity was found to be significantly 
associated with decreased ability to maintain an appropriate speed during lane changing and 
curve taking, steering steadiness (Bowers, et al., 2005), as well as the total number of 
satisfactory manoeuvres (Haymes, et al., 2008). 
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2.2.3. Visual fields 
Intact visual fields are important for drivers to be aware of the driving environment, 
particularly for the detection of traffic hazards (Bowers, Mandel, Goldstein, & Peli, 2009) 
and maintaining appropriate lane position of the vehicle (Bowers, Mandel, Goldstein, & Peli, 
2010). Visual fields are commonly included in driver licensing standards across the world, 
however, they vary significantly between countries. Australia requires that private licence 
holders should possess a minimum intact visual field of at least 110° horizontally, 10° 
vertically above and below the midline, and have no significant scotoma within a 20° radius 
from the fovea (Austroads, 2016). However, a driver with visual fields that do not meet these 
standards may be allowed to hold a conditional licence under the advice of their optometrist 
or ophthalmologist (Austroads, 2016). In most European countries, a minimum visual field 
extent of 120° horizontally is required for a private driver’s licence (Bron et al., 2010). In 
addition to this requirement, the UK mandates that drivers have no significant field loss 
within the central 20°, while Germany has a stricter requirement of a perfect visual field 
within the central 30° (Bron et al., 2010). In the US, many states do not have visual field 
standards for driving, while others require horizontal visual field extent of between 105° to 
150° binocularly (Bron et al., 2010; Owsley & McGwin, 2010). 
Older drivers are more likely to have visual field impairments that might affect their driving 
abilities and safety, given that the extent and level of sensitivity across the visual field 
reduces with increasing age (Taylor, et al., 1997). On average, the sensitivity of the central 
30° of the visual field decreases by 0.8 dB per decade among healthy eyes (Johnson, et al., 
1989). Further sensitivity reductions or relative constrictions in the visual field may result 
from many ocular diseases that are prevalent among older adults (Spector, 1990), such as 
glaucoma, retinitis pigmentosa, as well as conditions that impact the visual pathways 
resulting in hemianopic, and quadrantaopic loss. Johnson and Keltner (1983) screened 20,000 
drivers and found that the incidence of visual field abnormalities (defined as a substantial 
depression of all or part of the peripheral visual field, or two or more adjacent targets that 
were missed, surrounded by defected locations), to be around 3% in persons aged 16 to 60 
years old, but increased dramatically to 13% in those over 65 years of age. 
Many studies have investigated the association between visual field loss and increased crash 
rates. Although earlier large-sample studies failed to find an association between visual field 
loss and increased crash risk (Ball, et al., 1993; Decina & Staplin, 1993; Owsley, et al., 
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1998a), others have reported a significant link between binocular field loss and increased 
crash rates among older drivers (Huisingh, McGwin, Wood, & Owsley, 2015b; Johnson & 
Keltner, 1983; McGwin, et al., 2015; McGwin, et al., 2005; Ono et al., 2015). For example, a 
recent population-based study of older drivers found that those with poorer “driving visual 
fields” (reduced sensitivities in the lower quartile as tested with a custom visual field 
program) were 40% more likely to have been involved in a traffic crash within the past five 
years compared to those with normal visual fields (Huisingh, et al., 2015b).  Moreover, 
impairments in the lower and left visual fields were found to be particularly associated with 
increased crash involvement (ORs 1.4 and 1.5 respectively) in this US study, where driving is 
on the right side of the road (Huisingh, et al., 2015b).  
The impact of visual field impairment specifically arising from glaucoma on driving safety 
has also been the focus of many studies. For example, Haymes et al. (2007) found that older 
drivers with glaucomatous visual field impairments (with average worse eye mean deviation 
of −10.9 dB) were six times more likely to have been involved in a state-recoded and self-
reported crash, and 12 times more likely to have been at fault relative to drivers with normal 
vision. Similar associations between glaucomatous visual field impairment and increased 
crash rates have been reported in large-scale studies (Kwon, et al., 2016; McGwin, et al., 
2005). In contrast to these reports, McGwin et al. (2004) noted that older drivers with 
glaucoma were marginally less likely to have been involved in a state-recorded traffic crash 
compared to controls; however, the severity of field defects was not reported, and it is 
possible that some drivers with glaucoma in that study did not have field impairments severe 
enough to demonstrate a significant increase in crash rates. Indeed, studies have shown that 
the severity of glaucomatous visual field loss is associated with crash rates; where crash risk 
is significantly elevated in those with more severe glaucomatous visual field defects, but less 
so with mild to moderate field loss (McGwin, et al., 2005; Ono, et al., 2015; Tatham, et al., 
2015). Recent studies have also reported that having moderate and advanced glaucomatous 
visual field defects increases self-reported crash rates by up to 3.6 times (Ono, et al., 2015; 
Ono et al., 2014) and state-recorded crash rates by 1.7 times (McGwin, et al., 2015)  
compared to those with no defects, which highlights the significance of the severity of visual 
field defects for driving safety among those with glaucoma. 
The elevated crash rates of drivers with glaucomatous visual field impairments are reflected 
in the findings of Kunimatsu-Sanuki et al.'s (2015) driving simulator study, which found that 
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older drivers with glaucoma incurred more crashes in a driving simulator and had more 
delayed braking times at stop signs compared to controls. Conversely, other simulator studies 
failed to find any significant difference in driving performance between drivers with 
glaucoma and visually-normal controls (Prado Vega, et al., 2013; Szlyk, et al., 2005; Szlyk, 
Taglia, Paliga, Edward, & Wilensky, 2002). Several on-road driving studies also found that 
individuals with glaucoma demonstrated significantly poorer performances as compared to 
age-matched controls with normal vision (Haymes, et al., 2008; Kasneci, et al., 2014). In 
Wood et al.’s (2016) recent open-road study of over 140 older drivers, those with glaucoma 
were found to have almost double the numbers of critical driving errors than age-matched 
controls, with their greatest driving difficulties being with lane positioning, general 
observation of the driving environment, and approach to hazards. These findings support 
those of Haymes et al. (2008), who noted that three times more glaucoma patients required an 
at-fault critical intervention by the driving instructor in an open-road study compared to 
controls, and having a worse eye mean deviation of −4 dB or lower resulted in a four-fold 
increase in critical interventions. Other open-road experiments have also reported poorer lane 
positioning (Kasneci, et al., 2014) and anticipatory skills among older drivers with glaucoma 
(Bowers, et al., 2005; Kasneci, et al., 2014), particularly among those with more severe visual 
field loss (Bowers, et al., 2005). However, this link between increased severity of 
glaucomatous visual field defect and poorer on-road driving performance has been disputed. 
For example, Kasneci et al. (2014) recently commented that even though drivers with 
glaucoma generally had on average poorer overall on-road driving performance than controls, 
this difference was not associated with the extent of their binocular field loss.  
Homonymous hemianopia is another common type of severe visual field impairment that has 
been shown to result in poorer driving performance on the open-road and in driving 
simulators. Specifically, patients have demonstrated poorer lane positioning (Szlyk, Brigell, 
& Seiple, 1993) and pedestrian detection (Alberti, Peli, & Bowers, 2014; Bowers, et al., 
2009) than controls in driving simulators. On the open-road, drivers with hemianopia were 
also noted to have poorer lane-positioning (Bowers, et al., 2010; Elgin et al., 2010), steering 
steadiness (Wood et al., 2009b), gap judgement (Wood, et al., 2009b), vehicle control skills 
(Elgin, et al., 2010), and ratings of overall driving safety (Wood, et al., 2009b). In addition, 
those with hemianopia also received more physical and verbal interventions from the driving 
occupational therapist than age-matched controls; although there were a number of 
individuals with field loss who were rated as safe to drive (Elgin, et al., 2010). 
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The poorer driving performance of drivers with visual field loss has been suggested to be 
partly due to their reduced ability to detect other road users. Indeed, a laboratory-based study 
of hazard perception (Crabb, et al., 2010) noted that there were cases where drivers with 
glaucoma missed hazards that appeared from within their areas of visual field defects. The 
same research group (Glen, et al., 2014; Glen, Smith, Jones, & Crabb, 2016) noted that 
simulated visual field defects, particularly defects in the superior region (Glen, et al., 2014), 
resulted in impaired laboratory-based hazard perception ability; although there was no 
difference in hazard detection performance for simulated defects in either the left or right 
regions of the visual field (Glen, et al., 2016). 
Recent studies have also observed that some drivers with visual field impairments exhibit the 
potential to compensate for their field loss by making more glances and head movements 
towards the regions of their visual field defect; this method of compensation has been 
demonstrated to be effective in maintaining their driving performance at similar levels to 
their visually-normal counterparts (Bahnemann, et al., 2015; Kasneci, et al., 2014; Kubler, et 
al., 2015; Wood, et al., 2011). However, some drivers may instead compensate for their 
visual field loss by self-restriction of their driving (Ono, et al., 2014; Tatham, et al., 2015), 
such as by making fewer trips per week (Bowers, et al., 2005) and avoiding challenging 
situations such as driving at night (Freeman, et al., 2006). Among older drivers with 
glaucoma, increased severity of visual field defects may also result in complete driving 
cessation (Popescu et al., 2011; Ramulu, West, Munoz, Jampel, & Friedman, 2009; Tatham, 
et al., 2015). 
2.2.4. Other aspects of visual functions 
The dynamic and visually-complex nature of the driving visual scene requires the driver to be 
visually aware and able to rapidly respond to road events. While standard measures of vision, 
including VA and visual fields, are routinely assessed in the clinical setting, these measures 
may not provide sufficient information on a driver’s ability to efficiently interpret the driving 
environment. Therefore, it is important to consider other aspects of vision that may be 
relevant to the driving task, even if they are not as commonly tested. 
One visual function that has been shown to have strong associations with driving safety is the 
Useful Field of View (UFoV) (Ball, et al., 1993; Clay et al., 2005; Owsley, et al., 1998a; 
Owsley, et al., 1991; Rubin, et al., 2007; Sims, et al., 1998; Tatham, et al., 2015) which is a 
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measure of how quickly and effectively an observer is able to divide attention and extract 
visual information from their central and peripheral vision within a single glance (Sekuler, 
Bennett, & Mamelak, 2000; Wood & Owsley, 2014). This ability is critical in the driving task 
as it enables the driver to identify relevant information from the irrelevant, and thus execute 
appropriate driving manoeuvres. One study (Ball, et al., 1993) showed that the UFoV had a 
sensitivity of 89% and a specificity of 81% in predicting the traffic crash involvement of 
older drivers of ages 55 to 90 years old. In a retrospective study (Owsley, et al., 1998a), 
drivers with a 40% reduction in UFoV processing speeds were found to be twice as likely to 
have been involved in a traffic crash within the previous three years. Moreover, studies have 
reported that the UFoV independently had the strongest correlation with crash history (Ball, 
et al., 1993) and with on-road driving performance amongst other vision measures, including 
VA and visual fields (Bowers, et al., 2005; Haymes, et al., 2008). The UFoV has also been 
shown to be a strong predictor of closed-road driving performance, particularly in the 
presence of distractors (Wood, Chaparro, Lacherez, & Hickson, 2012a). In today’s driving 
environment where sources of driving distractions, such as mobile phones and in-vehicle 
information systems, are becoming extremely common, measurements of the UFoV may 
provide a good index of a driver’s susceptibility to the detrimental effects of driving 
distractors. 
Another aspect of vision that has high relevance to the driving task is motion sensitivity. The 
ability to detect and determine the direction of motion allows a driver to anticipate the 
behaviour and positions of other road users, and therefore safely manoeuvre within the 
driving environment. Indeed, on-road (Wood, 2002a; Wood, Anstey, Kerr, Lacherez, & Lord, 
2008; Wood, Horswill, Lacherez, & Anstey, 2013) and driving simulator studies (Wilkins, 
Gray, Gaska, & Winterbottom, 2013) have found motion sensitivity to be a strong predictor 
of driving performance. From a large battery of vision tests, Wood (2002a) reported that 
central dot motion sensitivity had the stronger correlation with closed-road driving 
performance compared to contrast sensitivity, UFoV, and dynamic VA. Furthermore, better 
motion sensitivity has been reported to be significantly correlated with longer pedestrian 
recognition distances in a closed-road driving experiment at night (Wood, Lacherez, & 
Tyrrell, 2014b). Findings from studies on motion sensitivity and road hazard perception tests 
conducted in the laboratory (Lacherez, Au, & Wood, 2014a; Lacherez, Turner, Lester, Burns, 
& Wood, 2014b) concur with those of on-road day- and night-time experiments (Wood, et al., 
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2008; Wood, et al., 2014b), with significant correlations found between motion sensitivity 
and hazard perception performance (Lacherez, et al., 2014a; 2014b).   
2.3. Other factors that impact driving performance 
While safe driving relies on good visual function, other non-visual factors play a significant 
role in enabling the driver to process information obtained from the driving environment, and 
manoeuvre the vehicle accordingly, including other sensory functions, as well as cognitive 
and physical functions. Hearing, for example, may provide information regarding the driving 
environment and potential hazards. However, reports on the relationship between hearing loss 
and driving ability and crashes have been inconsistent. Some large-scale studies have found a 
link between hearing loss and crash risk (Ivers et al., 1999; Picard et al., 2008), while others 
have failed to find any such associations (Sims et al., 1999, 2000). Interestingly, Green et al. 
(2013) found that drivers with dual-sensory impairment (vision and hearing loss) had 
increased crash risk, but crash risk was not elevated for those with visual or hearing loss 
alone.  
Cognitive abilities decline with normal ageing (Deary, et al., 2009b), and older adults are also 
more prone to disease-related cognitive impairment, such as Alzheimer’s disease (Dubinsky, 
Stein, & Lyons, 2000; Frittelli et al., 2009). Cognitive declines have detrimental impacts on 
driving performance and safety, with elevated crash risk and reduced driving performance 
associated with delayed reaction times (Odenheimer et al., 1994; Philip, Taillard, Quera-
Salva, Bioulac, & Akerstedt, 1999; Wood, et al., 2008), memory impairments (Davis et al., 
2012; Lundberg et al., 1997; Wheatley et al., 2014), and deteriorations in other aspects of 
cognitive function (Anderson et al., 2012; Brown & Ott, 2004; Carr, Duchek, Meuser, & 
Morris, 2006; Dubinsky, et al., 2000; Duchek et al., 2003; Goode et al., 1998; Hird, Egeto, 
Fischer, Naglie, & Schweizer, 2016; Lundberg, Hakamies-Blomqvist, Almkvist, & 
Johansson, 1998; Mazer, Korner-Bitensky, & Sofer, 1998; Odenheimer, et al., 1994). 
Ageing is also associated with increased physical frailty and declines in motor function 
(Fried, et al., 2001). Good physical motor functions such as muscle strength, flexibility, and 
speed are required for the efficient operation of a vehicle (Anstey, Wood, Caldwell, Kerr, & 
Lord, 2009; Owsley, 2002). Among older adults, declines in these measures of physical 
strength and function have been shown to be associated with poorer on-road driving 
performance (Lacherez, Wood, Anstey, & Lord, 2014c; Wood, et al., 2008) and increased 
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likelihood of at-fault crashes (Ball et al., 2006; Margolis, et al., 2002; Marottoli et al., 1998; 
Sims, et al., 1998). In the presence of visual impairment, older adults are likely to have 
further reductions in physical functioning (Black, et al., 2011b; 2008), given that visual 
impairment is associated with greater activity restriction, which can lead to physical 
deconditioning and increased frailty (Ramulu et al., 2014). These physical deteriorations not 
only impact older adults’ driving abilities and place them at a higher crash risk (Lacherez, et 
al., 2014c; McGwin, Sims, Pulley, & Roseman, 2000b), but may also result in more severe 
injuries sustained in traffic crashes (Lyman, Ferguson, Braver, & Williams, 2002). 
2.4. Eye movements in driving 
During the driving task, eye movements are critical in enabling the driver to visually search 
the driving environment and extract essential information in a timely fashion from the 
perspective of the moving vehicle. The driver needs to look towards relevant areas in the 
driving visual scene; for instance, fixating at the tangent point of a bend to guide direction of 
steering, and towards potential hazards to determine whether evasive manoeuvres are 
necessary (Land, 2006). Tracking drivers’ eye movements is therefore useful to understand 
where visual attention is directed towards while driving. In the following sections, a brief 
overview of the main eye movements of interest for the driving task is provided, followed by 
a discussion of the various roles that eye movements have in driving, and the factors that can 
influence drivers’ eye movements. 
2.4.1. Overview of eye movements 
The main eye movement outcomes relevant for driving are fixations, saccades, and smooth 
pursuits. Fixations maintain retinal image stability when an individual looks at an object of 
interest, allowing the visual system to extract fine-detailed information, such as street signs 
and speed limit signs along the road (Carpenter, 1991; Skavenski, Hansen, Steinman, & 
Winterson, 1979). During normal fixations, small eye movements (including microsaccades, 
tremor, and drifts) occur spontaneously to prevent sensory adaptation, and are typically up to 
30 minutes of arc (0.5°) in amplitude (Martinez-Conde, Macknik, & Hubel, 2004; Riggs, 
Ratliff, Cornsweet, & Cornsweet, 1953; Rolfs, 2009). Fixations are differentiated from these 
small spontaneous eye movements and are usually defined as gaze positions within 0.5 to 
2.0° of visual angle for a minimum of 67 to 200 milliseconds (ms), or eye movements 
moving at a velocity slower than 25 degrees per second (°/s) (Cheong, et al., 2008; 
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Geruschat, Hassan, & Turano, 2003; Geruschat, et al., 2006; Marigold & Patla, 2007; Turano, 
Geruschat, & Baker, 2002; Turano, et al., 2001).  
Saccades are the rapid shifts of gaze position towards new points of interest. The high speed 
of a saccade, ranging from 30 to 700°/s (Land, 2006), allows for quick and efficient search of 
the visual scene (Land, 2006). During saccade execution, visual processing is inhibited by the 
brain in order to minimise motion blur during the fast movements of the eye (Bremmer, 
Kubischik, Hoffmann, & Krekelberg, 2009). The selection of a saccadic target, or the end-
point of the saccade, may be based on intrinsic saliency, which is how attention-catching an 
object is within the environment (Land, 2006). During driving, a potential road hazard such 
as a pedestrian crossing the road could be a highly salient saccadic target. A driver needs to 
be visually aware of the driving environment in order to detect these potential hazards which 
may appear from the periphery of their visual field (Fischer & Breitmeyer, 1987). Auditory 
stimuli could also be a form of intrinsically salient saccadic targets, such as when a driver 
hears the skidding sounds of another vehicle, although saccadic accuracy is much lower with 
auditory than visual stimuli (Gabriel, Munoz, & Boehnke, 2010). The second way of 
selecting saccadic targets is by using information that is gathered during the process of 
performing a task (Land, 2006). This is when the observer ignores objects within the visual 
space that are irrelevant to the task at that point of time. For instance, a driver would visually 
ignore another car on the road as long as it seems unlikely to cause a traffic conflict, and 
instead fixates on other areas that are immediately more important, such as an upcoming 
traffic intersection. 
Smooth pursuits occur when the fovea follows an object that is moving at a speed lower than 
15°/s. When the speed exceeds 15°/s, smooth pursuits are supplemented by saccades to catch 
up with the moving target, and movements are completely saccadic at speeds over 100°/s 
(Land, 2006). The goal of smooth pursuits is to allow the visual system to extract visual 
information with some level of detail, although VA during smooth pursuits, commonly 
referred to as dynamic VA, is poorer than VA during fixations on a stationary object (Burg, 
1966). In driving studies, smooth pursuits are not as commonly researched as fixations and 
saccades (Chapman & Underwood, 1998; Chu, Wood, & Collins, 2009; Kasneci, et al., 2014; 
Yang, McDonald, & Zheng, 2012), possibly because of the highly dynamic nature of the 
driving visual scene, where a driver does not tend to visually track a moving object for long 
periods. 
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2.4.2. Roles of eye movements in the driving task 
2.4.2.1 Visually-guided steering 
Visually-guided steering describes how visual information is used to guide the driver’s 
steering of the vehicle (Land, 2006). This is particularly apparent when negotiating bends and 
winding roads, where the road ahead is not visible to the driver and therefore less predictable 
(Land, 2006). Drivers tend to fixate towards the tangent point of the bend, which is the 
moving point at the inside kerb of each bend and tangential to the road edge. This point of 
gaze typically starts before the driver turns the steering wheel to change direction, and lasts 
until the driver has completed the turning manoeuvre (Land & Lee, 1994; Marple-Horvat et 
al., 2005; Wilson, Chattington, & Marple-Horvat, 2008). On straight roads, however, 
possibly because the tangent point is elongated and not well-defined (Land & Lee, 1994), 
drivers may be able to maintain appropriate road positioning even when they are not looking 
directly at the road ahead (Summala, Nieminen, & Punto, 1996).  
To determine how important eye movements are to visually-guided steering, Marple-Horvat 
et al. (2005) studied the effects of restricted eye movements on 20 licenced and healthy 
drivers in a driving simulator (which presented a driving environment that was free of other 
road users). In one condition, no restrictions were imposed and drivers were advised to drive 
as they normally would. In the second condition, eye movements were restricted; drivers 
were instructed to fixate on a white spot in the centre of the screen while driving along the 
course. In the restricted eye movement condition, driving speed was significantly reduced and 
the time taken to complete the driving course increased by 12% as compared to the 
unrestricted condition. Consistent with the “tangent point” theory, the horizontal scan path of 
the eyes in the unrestricted condition was also found to have a high correlation with the angle 
of steering wheel rotation; 56% of the variance in steering motion was attributed to horizontal 
eye movements (Marple-Horvat, et al., 2005; Wilson, et al., 2008). However, driving 
behaviour in the simulator may be very different to that in the real-world (Owsley, Wood, & 
McGwin, 2015), and the authors acknowledged that during in-traffic driving, where other 
road users and road signs would compete for drivers’ visual attention, the correlation between 
eye movements and steering motion may be weaker (Marple-Horvat, et al., 2005; Wilson, et 
al., 2008). 
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2.4.2.2 Reading traffic signs and signals 
There are a number of traffic signs in the road environment that drivers need to attend to, 
including regulatory signs and navigational signs. One of the most common traffic regulatory 
signs are speed limit signs, which inform the driver of the regulated speeds for that particular 
road segment (Möri & Abdel-Halim, 1981). Temporary regulatory signs, such as those 
advising of the presence of road works, warnings of slippery roads and avalanche, may be put 
in place when needed, as road conditions are influenced by many external factors such as the 
weather and traffic. Ever-changing road conditions therefore require that the driver frequently 
scans the driving scene to remain updated of speed limits, road conditions, and the general 
environment. Navigational signs, including street signs and highway signs assist drivers in 
finding their way to their destination.  
Traffic signs require a minimum duration of gaze and attention by the driver in order to 
extract the required information. One study (Möri & Abdel-Halim, 1981) tracked the eye 
movements of drivers during an open-road drive, and reported that regulatory signs, most of 
which were in the form of symbols without words, require minimum fixation durations of 
between 0.27 to 0.36 s in order to completely recognise all the information contained in the 
sign (as determined by verbally reporting the sign). Navigational guidance signs, on the other 
hand, are composed of words and longer fixation periods are needed to read the sign, 
requiring viewing times ranging from 0.31 to 0.78 s (Möri & Abdel-Halim, 1981); a sign with 
more words will inherently demand a longer fixation duration. Drivers therefore have to 
make regular fixations towards these signs, while also maintaining attention on the road 
ahead and awareness of potential road hazards. 
2.4.2.3 Hazard detection 
Detection of road hazards is a critical part of safe driving and needs to be undertaken in a 
timely manner so that a driver has sufficient time to perform evasive manoeuvres and avoid a 
collision. In a laboratory-based study, it was reported that older drivers who had been 
involved in self-reported traffic crash within the last five years had a 300 ms delay in their 
hazard response times relative to those who did not report previous crash involvement 
(Horswill, Anstey, Hatherly, & Wood, 2010). 
Timely detection and avoidance of road hazards are dependent upon a driver’s visual 
scanning of the driving environment. In a laboratory-based task of hazard perception, 
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Underwood et al.’s research group (Chapman & Underwood, 1998; Underwood, et al., 2005) 
observed that the area of gaze (measured in terms of horizontal variance) of drivers with 
normal vision was significantly reduced when hazards were present compared to during 
hazard-free situations. In addition, average fixation duration increased and saccade 
amplitudes reduced when hazards were present compared to the hazard-free segments. These 
differences in eye movement patterns suggest that drivers focus their attention on hazards 
during potentially dangerous scenarios. Similar observations have been made in other studies, 
where the proportion of total time spent fixating on the road environment (e.g. signs, 
buildings) and roadway (the road itself and its markings) was significantly reduced in favour 
of the hazards (Chapman & Underwood, 1998). In a driving simulator experiment, Pradhan et 
al. (2005) found that novice drivers tracked the “risky features” (such as a truck passing very 
close to the test vehicle) much less than the experienced drivers (average of 36% vs >50% of 
the time). The authors suggested that these findings explain why novice drivers have higher 
crash rates than more experienced drivers as reported in previous studies (Massie, Campbell, 
& Williams, 1995). The effect of experience on eye movements during driving is further 
reviewed in the next section. 
2.4.3. Causes of alterations in drivers’ eye movements  
Eye movements during driving may be influenced by a number of factors, including the 
drivers’ experience and age (Pradhan, et al., 2005), the presence of distractors, such as the use 
of electronic devices (Stutts, Donald W Reinfurt, Loren Staplin, & Eric A Rodgman, 2001), 
and during divided attention tasks (Hutton & Tegally, 2005), as well as changes in the visual 
function of the driver, including visual impairment (Crabb, et al., 2010) and presbyopic 
correction (Chu, et al., 2009). The influence of each of these factors on drivers’ eye 
movements are reviewed below, with an emphasis on the effects of visual impairment. 
2.4.3.1 Drivers’ experience and age 
Numerous studies have demonstrated that novice drivers exhibit poorer hazard perception 
(Borowsky, Oron-Gilad, & Parmet, 2010; Smith, Horswill, Chambers, & Wetton, 2009) and 
higher crash rates (Mayhew, Simpson, & Pak, 2003; Simons-Morton et al., 2011) relative to 
experienced drivers. As such, differences in scanning behaviour as a function of drivers’ 
experience have been explored extensively, both on the road (Chapman, 2002; Mourant & 
Rockwell, 1972) and in driving simulators (Konstantopoulos, Chapman, & Crundall, 2010; 
Pradhan, et al., 2005). In general, novice drivers tend to maintain their fixations more 
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centrally within the driving environment and for longer durations (Konstantopoulos, et al., 
2010; Mourant & Rockwell, 1972), resulting in fewer fixations on peripheral hazards, 
compared to experienced drivers (Konstantopoulos, et al., 2010; Pradhan, et al., 2005). 
Novices also spend more time fixating on other road vehicles, rather than road traffic signals 
and signs (Edwards, et al., 2008). Pradhan et al. (2005) suggested that the fixation patterns of 
novice drivers is linked with their failure to identify potential hazards such as pedestrians. As 
drivers become more experienced with the driving task, they have been shown to become 
more efficient in scanning the driving environment, thus improving their hazard detection and 
response times (Chapman & Underwood, 1998; Chapman, 2002). 
The age of a driver also potentially has an effect on eye movement patterns, although this 
may be difficult to determine as the effect of drivers’ age is usually confounded by years of 
driving experience. Nonetheless, many non-driving studies undertaken in the laboratory have 
reported that increasing age is associated with alterations in saccadic characteristics, 
including reductions in saccadic accuracies, velocities, amplitudes, and increased latency 
(Abel, Troost, & Dell'Osso, 1983; Carter, Obler, Woodward, & Albert, 1983; Munoz, 
Broughton, Goldring, & Armstrong, 1998; Schik, Mohr, & Hofferberth, 2000; Sharpe & 
Zackon, 1987; Tedeschi et al., 1989). For example, a recent study (Dowiasch, Marx, 
Einhauser, & Bremmer, 2015) reported that age had significant negative correlations with 
saccade amplitude while participants walked along a hallway. Hence there may also be 
corresponding age variations in eye movement patterns while performing driving-related 
tasks that are possibly independent of driving experience. However, there have been only 
limited number of studies that have explored this topic. In a driving simulator study, Urwyler 
et al. (2015) reported that older drivers (60 to 78 years old) made fewer side and rear view 
mirror checks than younger drivers (25 to 40 years old). Other studies (Pradhan, et al., 2005; 
Urwyler, et al., 2015) have observed that older drivers spent significantly more time fixating 
on areas that are relevant to the driving task (e.g. the street and cars ahead, pedestrian and 
other vehicles that are potentially hazardous) compared to younger drivers. Conversely, 
Underwood et al. (2005) found no significant main effect of age on drivers’ eye movements 
when they viewed videos clips of driving scenes. Further exploration of the changes in 
drivers’ eye movements with age is required in view of these conflicting and limited findings. 
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2.4.3.2 Distractors 
In-vehicle information systems (IVIS) usage, such as navigation devices, electronic maps, 
and on-board entertainment systems have increased in recent years (Huisingh, Griffin, & 
McGwin, 2015a; Yang, et al., 2012). The effect of IVIS on drivers’ attention has been the 
focus of numerous studies that have demonstrated that their use may be detrimental to driving 
safety as they could cause driver inattention (Huisingh, et al., 2015a). About one-quarter of 
traffic crashes have been reported to be due to inattention or distraction while driving, 
although the source of distraction or inattention was not necessarily as a result of IVIS, and 
may also include eating, smoking, or talking on the phone (Huisingh, et al., 2015a; Stutts, et 
al., 2001). In on-road and driving simulator studies, the adverse effects of IVIS on driving 
performance have also been demonstrated, which include decreased speed (Yang, et al., 
2012), more variable steering behaviour (Yang, et al., 2012), more severe braking (Harbluk, 
Noy, Trbovich, & Eizenman, 2007), and fewer mirror checks (Hammel, et al., 2002; Recarte 
& Nunes, 2000). 
Changes in eye movement patterns have been observed while drivers were engaged in 
distracting in-vehicle tasks, and the directions and magnitudes of change vary with the type 
of task. These tasks are commonly categorised into visual, cognitive, verbal, and spatial-
imagery tasks (Hammel, et al., 2002; Harbluk, et al., 2007; Recarte & Nunes, 2000; Sodhi, 
Reimer, & Llamazares, 2002). Visual tasks, such as circle-locating (Yang, et al., 2012) and 
arrow-locating activities (Victor, et al., 2005; Yang, et al., 2012), presented within a matrix of 
visual distractors inherently require drivers to take their gaze off the road, with increasing 
task difficulty correlating with less fixation time on the road ahead, and worse driving 
performance (Victor, et al., 2005; Yang, et al., 2012). 
Other types of secondary tasks used in driving research, such as cognitive, verbal, and spatial 
tasks, are sources of divided attention and distraction that, in contrast to visual tasks, do not 
require drivers to take their eyes off the road (Recarte & Nunes, 2000). Such tasks could be 
representative of real-world hands-free technologies that add to drivers’ mental workload 
(e.g. talking on a hands-free phone). An example of the negative effects of additional 
cognitive load on driving performance and gaze behaviour was demonstrated in an open-road 
experiment (Harbluk, et al., 2007), in which drivers were found to concentrate their fixations 
centrally on the road directly ahead 83% of the time during a difficult arithmetic task 
(double-digit arithmetic addition), which was significantly higher than the 79% recorded in 
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the absence of the task. Moreover, while performing the difficult task, less peripheral 
scanning, reduced mirrors and dashboard checking, and more frequent harder braking were 
found, which may be related to the decreased visual scanning, whereas these detrimental 
changes did not significantly differ between the easy task (single-digit addition) and no-task 
conditions (Harbluk, et al., 2007). 
Verbal and spatial (mental) secondary tasks have similar effects on drivers’ eye movement 
patterns to those of cognitive activities. Recarte and Nunes (2000) reported that compared to 
having no task, drivers exhibited decreased saccade amplitudes and increased average 
fixation durations when performing a spatial task (mental rotation of alphabets) during an 
open-road drive. On the other hand, average fixation durations were shorter while performing 
a verbal task (naming words that start with a given letter) during the drive. Hammel et al. 
(2002) replicated the study in a driving simulator and found similar results, where drivers 
made significantly fewer mirror and speedometer checks with the introduction of additional 
tasks, particularly with spatial tasks. These findings support the suggestion that peripheral 
monitoring of the driving environment is decreased while performing distracting activities, 
even if the task does not require drivers to take their gaze off the road (Hammel, et al., 2002; 
Recarte & Nunes, 2000). 
2.4.3.3 Visual impairment 
There have been relatively few studies that have investigated the effect of visual impairment 
on drivers’ eye movements. However, changes in eye movement patterns among individuals 
with visual impairment have been documented while performing a range of non-driving 
activities, including visual search (Pambakian, Mannan, Hodgson, & Kennard, 2004; Sippel 
et al., 2014; Smith, et al., 2012), reading (Bowers & Reid, 1997; Bullimore & Bailey, 1995; 
Seiple, Szlyk, McMahon, Pulido, & Fishman, 2005; Smith, Glen, Monter, & Crabb, 2014; 
Sunness, et al., 1996), and walking (Cheong, et al., 2008; Geruschat, et al., 2006; Turano, et 
al., 2002; Turano, et al., 2001; Vargas-Martin & Peli, 2006). For example, among individuals 
with significant visual field loss, smaller saccades, and narrower horizontal and vertical gaze 
dispersions have been observed while performing a naturalistic walking activity (Vargas-
Martin & Peli, 2006) and while making saccades towards predefined targets (Lamirel, Milea, 
Cochereau, Duong, & Lorenceau, 2014). This effect has been suggested to be related to 
“saccadic inhibition” (Luo, Vargas-Martin, & Peli, 2008; Vargas-Martin & Peli, 2006), which 
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is the inability to direct saccades outside of the seeing field due to the lack of peripheral 
visual stimuli (Cornelissen, Bruin, & Kooijman, 2005; Laubrock, Cajar, & Engbert, 2013). 
In view of these changes in eye movement patterns with visual impairment during non-
driving activities, it is reasonable to expect corresponding changes to occur during driving-
related tasks. However, the impact of visual impairment on drivers’ eye movement patterns 
has not been well-explored. One of the few studies was Crabb et al.’s (2010) laboratory-based 
road hazard perception experiment, which found that drivers with visual field loss from 
glaucoma exhibited higher rates of saccades, fixations, and smooth pursuits than age-matched 
controls while viewing videos of driving scenes. Despite these differences in eye movement 
patterns, the two groups of drivers tended to gaze at similar regions of the driving scene. 
However, the study also noted that there were some cases where the glaucoma patients 
missed hazards, such as pedestrians, that appeared from within their visual field defect areas 
(Crabb, et al., 2010).  
Some of the changes in eye and head movement patterns observed amongst older drivers with 
visual impairment may be suggestive of a compensatory behaviour for their vision deficits, 
such as increased head turns and glances towards the areas of visual field defects, which are 
similar to those that patients with severe field loss exhibit while walking (Ivanov et al., 2016; 
Lane, Smith, & Schenk, 2008; Mannan, Pambakian, & Kennard, 2010; Turano, et al., 2001). 
Such alterations in patterns of scanning behaviour in drivers with visual impairment are 
potentially beneficial for driving performance and safety as they increase the spatial extent of 
their visual scanning to cover areas of field defects. In an open-road study of 20 drivers with 
visual field defects from glaucoma or hemianopia, Kasneci et al. (2014) found that those who 
passed a driving assessment (as rated by a driving instructor) made more glances towards 
their non-seeing areas than those who failed the assessment. A qualitative study by the same 
research group (Kubler, et al., 2015) reported that drivers with glaucoma who passed a 
driving simulator assessment (three out of six drivers; as rated by a driving instructor 
according to the official German driving test standards), exhibited more extensive head and 
eye movements as compared to controls, which are indicative of increased peripheral visual 
exploration. The drivers with glaucoma who failed, on the other hand, did not demonstrate 
any increase in scanning behaviour and tended to bias their fixations to the right-hand side of 
the road (in right-hand traffic). Similar observations have been made in drivers with visual 
field impairment in other simulator (Bahnemann, et al., 2015) and open-road studies (Wood, 
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et al., 2011), where those with field loss who performed well in the driving assessments, 
exhibited more extensive eye, head, and shoulder movements compared to drivers with 
normal vision, particularly towards their non-seeing areas (Bahnemann, et al., 2015; Wood, et 
al., 2011). Characterising the eye movement patterns of drivers with visual impairment is 
therefore useful in evaluating driving performance and safety, and could potentially be used 
as the basis for the design of training programs to improve driving safety. 
2.5. Summary of literature review 
The number of drivers with age-related visual impairment is expected to increase as the 
population ages. Some of the major causes of reversible and irreversible visual impairment in 
older adults are uncorrected refractive error and glaucoma respectively (Mariotti, 2012; 
Pascolini & Mariotti, 2012; Taylor, et al., 2005). As safe driving is believed to rely heavily 
on vision (Hills, 1980), older adults with visual impairment tend to experience more 
problems with driving ability and safety (McGwin, et al., 2000a; Owsley, et al., 1998a; 
Owsley, et al., 1999; Owsley, et al., 2001). Because of this detrimental effect of visual 
impairment on driving safety, the relationship between indices of driving performance and 
vision function is a current area of interest among researchers. 
However, one important component of the visual system that has been under-explored among 
drivers with visual impairment is eye movements. Eye movements are important in guiding 
vehicle steering (Land, 2006; Land & Lee, 1994; Land & Tatler, 2001; Lappi, Lehtonen, 
Pekkanen, & Itkonen, 2013; Lehtonen, Lappi, Koirikivi, & Summala, 2014), reading traffic 
signs and signals (Land, 2006; Urwyler, et al., 2015), and detecting potential hazards (Land, 
2006; Lehtonen, et al., 2014; Mackenzie & Harris, 2015). Exploring drivers’ eye movements 
would therefore provide useful information on their scanning behaviour of the driving scene, 
and a better understanding of where visual attention is directed. However, while there is a 
growing understanding of the detrimental effects of visual impairment on driving 
performance (Bhorade, et al., 2016; Bowers, et al., 2005; Haymes, et al., 2008; Kunimatsu-
Sanuki, et al., 2015; McGwin, et al., 2015; Medeiros, Weinreb, Boer, & Rosen, 2012; Owsley 
& McGwin, 2008; Wood, et al., 2010a; Wood, et al., 2016; Wood, et al., 2014a), and traffic 
crash risk (Gracitelli et al., 2015; Haymes, et al., 2007; Kwon, et al., 2015; Ono, et al., 2014; 
Owsley, et al., 1998b), the effects of visual impairment on drivers’ eye movement patterns is 
not well-understood. While there has been some evidence that visual impairment can affect 
drivers’ eye movements (Bahnemann, et al., 2015; Crabb, et al., 2010; Kasneci, et al., 2014; 
Literature Review 
 
 
29 
Kubler, et al., 2015), further exploration of the relationship between eye movement patterns 
and driving performance in drivers with visual impairment is required as it will allow better 
appreciation of the scanning behaviour of these drivers, and potentially advance current 
understanding of some of the mechanism underlying their declines in driving ability and 
safety. As the relationship between visual impairment, eye movements, and driving 
performance is better understood, it will form the basis for future research on possible 
compensatory eye movement training for drivers with visual impairment, similar to current 
training programs that have been adopted for walking and reading (Ivanov, et al., 2016; 
Jacquin-Courtois, Bays, Salemme, Leff, & Husain, 2013; Kuyk, Liu, Elliott, & Fuhr, 2010; 
Mannan, et al., 2010; McDonald, Spitsyna, Shillcock, Wise, & Leff, 2006). 
This research program was designed to evaluate the eye movement patterns and driving 
performance of drivers with various types of visual impairments. The effects of visual 
impairment from optical blur on drivers’ eye movement patterns in both young and older 
drivers were first explored when undertaking laboratory-based driving-related tasks 
(Experiment 1). This was followed by a focus on older drivers with visual impairment from 
glaucoma in the laboratory (Experiment 2) and on the closed-road (Experiment 3). 
  
  
30 
 Experiment 1 
Effects of blur, auditory distractors, and age on eye movements and 
performance on laboratory-based driving-related tasks 
3.1. Introduction 
There are a number of age-related physiological declines that are believed to be major 
contributors to the elevated traffic crash risk of older drivers (Owsley, 1994; Stutts, Stewart, 
& Martell, 1998; Wood, 2002b). These changes include declines in physical, cognitive, and 
sensory functions, including vision. Moreover, older adults are likely to have ocular diseases 
and visual impairment (Taylor, et al., 2005; Van Newkirk, et al., 2001), which have been 
shown to further elevate their crash risk (Owsley & McGwin, 1999; Wood & Black, 2016). 
With the increasing number of older drivers on the road, age-related deteriorations in visual 
function have important implications for road safety.  
In Australia, the leading cause of visual impairment is uncorrected refractive error (Taylor, et 
al., 2005; Van Newkirk, et al., 2001), accounting for 62% of visual impairment across all age 
groups (Taylor, et al., 2005); one study even reported that 80% of visual impairment (defined 
as VA worse than 6/18) among older drivers in Australia was due to under- or uncorrected 
refractive error (Keeffe, et al., 2002). This is concerning as the negative impact of 
uncorrected refractive error, in the form of optical blur, has been reported in a series of 
closed-road studies by Wood et al. (Wood, et al., 2010a; Wood, et al., 2009a; Wood, et al., 
2014a). Poorer road sign recognition, pedestrian detection, and low-contrast hazard detection, 
as well as reduced driving speeds have been demonstrated with optical blur in both young 
and older drivers, with these effects exacerbated under night-time conditions (Wood, et al., 
2014a). On the other hand, steering accuracy and lane-keeping abilities are not affected by 
optical blur, as shown in closed-road (Wood, et al., 2010a; Wood, et al., 2009a; Wood, et al., 
2014a) and driving simulator studies (Brooks, Tyrrell, & Frank, 2005; Owens & Tyrrell, 
1999), possibly because these skills are relatively more reliant on peripheral vision than are 
recognition and detection measures are (Summala, et al., 1996). 
Older drivers are not only affected by changes in visual function; they are also susceptible to 
the adverse effects of distractors and secondary tasks while driving. Older drivers have been 
shown to perform significantly poorer on road sign recognition and overall driving when 
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required to complete an arithmetic summing task during a closed-road drive, as compared to 
driving without any additional tasks (Chaparro, Wood, & Carberry, 2005; Wood, et al., 
2009a). Young and middle-age drivers are also affected by distractors, with reductions in 
their closed-road driving performance when they are engaged in distractor tasks (Chaparro, et 
al., 2005), although the effect of distractors is smaller than for older drivers (Chaparro, et al., 
2005; Wood, et al., 2009a). In today’s driving environment, where sources of distraction such 
as mobile phones and IVIS are common (Strayer & Johnston, 2001), the effects of distractors 
are an important road safety issue. While some IVIS devices such as electronic maps may be 
useful for drivers to find their way in unfamiliar locations, the detrimental effect of these 
devices on drivers’ attention on the road has been demonstrated in numerous studies (Strayer 
& Johnston, 2001; Stutts, et al., 2001). Driver inattention or engagement in distractive 
activities, such as eating or drinking, smoking, and the use of IVIS, has been reported to 
account for up to one quarter of traffic crashes (Stutts, et al., 2001). With the increasing use 
of a range of in-vehicle devices, it is likely that there are individuals with visual impairment 
who may be distracted by such devices while driving. However, the effects of the interaction 
between visual impairment and distractors on driving safety has not been well investigated. 
One approach to better understanding how age, visual impairment, and distractors affect 
driving performance is by studying drivers’ eye movement patterns while performing 
driving-related tasks. As reviewed in Section 2.4.2, eye movements play an important role in 
the driving task, facilitating visually-guided steering, recognition of traffic signs and signals, 
as well as hazard detection. However, a number of factors can affect drivers’ eye movement 
patterns, including distractors. Visual distractors, such as engaging in secondary visual search 
tasks while driving, inherently require drivers to take their gaze away from the roads (Ponds, 
Brouwer, & van Wolffelaar, 1988; Victor, et al., 2005), while non-visual distractors such as 
mental rotation of letters (Hammel, et al., 2002; Recarte & Nunes, 2000) and arithmetic 
addition (Harbluk, et al., 2007) result in fewer mirror checks and reduced peripheral scanning 
of the driving environment, as demonstrated in open-road (Harbluk, et al., 2007) and driving 
simulator studies (Hammel, et al., 2002). As reviewed in Section 2.4.3, driver’s eye 
movement patterns have also been demonstrated to alter in the presence of various forms of 
visual impairment (Crabb, et al., 2010; Kasneci, et al., 2014), and age (Underwood, et al., 
2005; Urwyler, et al., 2015), although there have been limited studies on the impact of these 
factors. Among the studies that have explored the eye movement patterns of drivers with 
visual impairment, most have focused on drivers with glaucomatous (Crabb, et al., 2010; 
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Kasneci, et al., 2014) or hemianopic (Wood, et al., 2011) visual field defects. The effects of 
uncorrected refractive error on driving-related eye movements remain unexplored. This is an 
important gap in knowledge given that uncorrected refractive error has been suggested to be a 
major cause of visual impairment among older drivers (Keeffe, et al., 2002). With the ageing 
driving population and the increasing prevalence of refractive error in industrialised parts of 
the world (Vitale, Sperduto, & Ferris, 2009; Williams et al., 2015), it is likely that the 
numbers of older drivers with under- or uncorrected refractive error will increase further. 
A starting point in exploring the eye movements of drivers with visual impairment is to do so 
while they perform laboratory-based tasks related to driving. Laboratory-based tasks are 
frequently employed as indices of driving ability and safety in driving-related research 
(Doherty, Peli, & Luo, 2015; Horswill, et al., 2010; Kay, Bundy, Clemson, Cheal, & 
Glendenning, 2012; Underwood, et al., 2005; Wetton, Hill, & Horswill, 2011; Wetton et al., 
2010) as they are cost-effective and feasible to conduct. In addition, laboratory-based tests 
allow experimenters to have greater control over testing parameters such as lighting levels, 
and avoid the effects of external factors such as changes in weather and traffic conditions, 
thus allowing consistency between participants. In eye tracking studies, this consistency in 
the testing environment also minimises eye tracking data lost, which may occur more often in 
moving vehicles due to excessive head and shoulder movements, fluctuating lighting levels, 
as well as high infrared levels outdoors. Two laboratory-based assessments that have been 
shown to be linked to fitness-to-drive and crash risk were employed in this study: the 
DriveSafe (Kay, et al., 2012; Kay, Bundy, & Clemson, 2009) and the Hazard Perception Test 
(HPT) (Wetton, et al., 2011; Wetton, et al., 2010). 
The DriveSafe is a shortened version of the Visual Recognition Slide Test developed at the 
University of Sydney (VRST-USyd) for occupational therapists to assess their clients’ 
fitness-to-drive (Kay, et al., 2012; Kay, et al., 2009). The test, in conjunction with a 
questionnaire that evaluates self-awareness of driving capabilities (the DriveAware), was 
purported by the developers to have 95% sensitivity and 96% specificity in discriminating 
between unsafe and safe drivers (with a range of ages, and cognitive and functional abilities), 
as determined by an on-road driving assessment (Hines & Bundy, 2014; Kay, et al., 2009), 
although the validity of the DriveSafe test has not been replicated by other researchers. The 
nature of the visual and cognitive functions that the DriveSafe assesses was not specified by 
the developers, with the test being described as an assessment of “global awareness of the 
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driving environment”. Nevertheless, the test involves a visual search component, where 
participants scan the images to obtain information about the road users within it, as well as a 
memory component, where participants need to recall the types and location of road users 
after the image is removed; both visual search (Mourant & Rockwell, 1972) and memory 
abilities (Anderson, et al., 2012) have been shown to be important contributors to driving 
safety. 
The HPT involves viewing a series of video clips of real-world driving scenes and identifying 
potential hazards that would require the driver to take evasive action to avoid a traffic conflict 
(Wetton, et al., 2011; Wetton, et al., 2010). As hazard detection is a critical part of safe 
driving, and needs to be undertaken promptly in order to enable drivers sufficient time to 
perform evasive manoeuvres in response to hazards (Horswill et al., 2008), the hazard 
response time has been commonly used as an outcome measure in driving-related studies 
(Crabb, et al., 2010; Horswill, et al., 2008; Sagberg & Bjornskau, 2006), and is linked with 
crash rates in older drivers (Horswill, et al., 2008). In Australia and the UK, assessment of 
hazard perception is part of the driving theory test that has to be completed before an open 
driver licence can be issued (Complete Hazard Perception Test, 2014; Hazard Perception 
Test; The Hazard Perception Test; Theory test for cars and motorcycles, 2016). Inclusion of 
both the visually-static images of the DriveSafe and visually-dynamic scenes of the HPT 
provides a means of exploring how eye movement patterns may differ while viewing static 
and moving visual scenes. 
3.1.1. Study rationale and hypotheses 
In this experiment, the effects of optical blur and auditory distractor on eye movement 
patterns were investigated while drivers performed the DriveSafe and HPT. Uncorrected 
refractive error is the most common cause of reversible visual impairment (Pascolini & 
Mariotti, 2012; Taylor, et al., 2005; Van Newkirk, et al., 2001), and the use of optical blur to 
simulate uncorrected refractive error provides a useful way of exploring how eye movement 
patterns may be altered by visual impairment using a repeated-measures design. A +2.00 DS 
level of blur was selected, as it reduced VA to approximately 6/20, slightly better than the 
minimum VA of 6/24 required for a conditional licence in Australia (Austroads, 2016). In 
addition, the effects of age on eye movement patterns and test performance was investigated 
by including a young and an older group of drivers. 
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The study aimed to address the following research questions: 
A) How does optical blur affect performance on the DriveSafe and HPT, and how do eye 
movement patterns change in the presence of optical blur? 
B) How do auditory distractors affect performance on the HPT, and how do eye movement 
patterns change in the presence of distractors? 
C) How does age affect performance on the DriveSafe and HPT, and how do eye movement 
patterns differ between young and older drivers? 
Based upon previous literature, the following hypotheses were developed in relation to the 
research questions: 
A) Optical blur will result in poorer DriveSafe and HPT performance. Blur will also result 
in changes in eye movement patterns that reflect increased difficulty in seeing and 
attending to relevant targets, such as reduced total fixation duration on DriveSafe users 
and delayed time to first fixation on the HPT hazards. 
B) Auditory distractors (in the HPT only) will result in increased hazard response times, 
with corresponding delays in time to first fixation on hazards. 
C) Older drivers will have poorer performance on the DriveSafe and HPT compared to the 
younger drivers. In addition, older drivers will exhibit smaller saccades, shorter total 
fixation duration on the DriveSafe users, and delayed time to first fixation on the HPT 
hazards than the younger drivers. 
3.2. Methods 
3.2.1. Ethical approval 
Ethical clearance was obtained from the Queensland University of Technology (QUT) 
Human Research Ethics Committee on February 2014 (QUT Ethics approval number: 
1200000333). The study was conducted in compliance with the tenets of the Declaration of 
Helsinki. Participants were given a full explanation of the nature of the study and written 
informed consent was obtained, with the option to withdraw from the study at any time. 
3.2.2. Sample size considerations 
Target sample size was calculated with G*Power version 3.1 (Kiel, Germany). Using the 
hazard response time on the HPT as the main outcome measure, it was estimated that 14 
participants per group was needed to produce an effect size of 0.31 and a power of 80% for a 
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two-group (young, old) and four-measure (blur, no blur; distractor, no distractor) study, with 
a significance level of 0.05. Effect size was computed based on Horswill et al.’s report 
(2010), in which older drivers who had a self-reported crash within the previous five years 
had a 0.3 s delay in their hazard response time compared to their crash-free counterparts. 
3.2.3. Participant recruitment 
Two groups of drivers, a younger group aged 18 to 35 years and an older group aged ≥ 65 
years, with normal vision were recruited from the QUT Optometry clinic, and the university 
students and staff. Prior to recruitment, potential participants were interviewed in person or 
over the telephone to determine their eligibility, and those who satisfied the inclusion criteria 
were invited to participate. 
The inclusion criteria were as follows: 
 Aged 18 to 35 years old or ≥ 65 years old 
 Current drivers, defined as having driven within the last three months 
 At least two years of driving experience 
 Refractive error within −6.00 and +2.00 DS, and < 2.00 dioptre cinder (DC)  
- This limit was imposed to maximise the quality of the eye tracking data. Pilot studies 
suggested that high refractive errors will affect the integrity of eye tracking data due 
to prismatic and distortion effects 
 Absence of any ocular condition that may affect driving performance 
- This was determined through the clinical optometry records, self-reported ocular 
history obtained from participants, as well as the vision and ocular health screening 
assessment conducted as part of the study protocol 
- Absence of any self-reported systemic condition that may affect driving performance 
such as arthritis, heart disease, and stroke (Anstey, Wood, Lord, & Walker, 2005; 
McGwin, et al., 2000b) 
3.2.4. Study instruments 
This section describes the study instruments employed in Experiment 1. All tests were 
conducted in the Vision and Driving laboratories at the QUT Kelvin Grove campus by the 
PhD student. 
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3.2.4.1 Driving habits questionnaire (DHQ) 
Participants completed the DHQ, which is a self-administered questionnaire, with excellent 
construct validity and test-retest reliability in older drivers (Owsley, et al., 1999) and took 
approximately 10 minutes to complete. The questionnaire comprises 29 questions, covering 
five domains of driving: driving exposure, driving space, dependency on other drivers, 
perceived level of driving difficulty, and self-reported crash history. Driving exposure 
includes information on weekly mileage and average number of days driven per week. 
Driving space describes the distance typically driven away from the participants’ home base. 
Dependency on other drivers was determined by identifying who the participant regularly 
travelled with in a vehicle, and which of them was usually the driver of the vehicle. For 
perceived driving difficulty, participants rated their level of visual difficulty in nine specific 
driving situations, such as driving in the rain, at night, and in high-traffic. Ratings were made 
on a five-point scale, with one being so difficult that they no longer drive in that situation, to 
five being no difficulty at all; the sum of the ratings for all nine questions was taken as the 
perceived driving difficulty score (range of 9 to 45). Number of crashes was self-reported by 
the participants for the past 12 months and five years. 
3.2.4.2 Vision and ocular health screening 
An assessment of visual function was conducted in a 30-minute session which included an 
ocular health screening (slit lamp biomicroscopy and ophthalmoscopy) to ensure that the 
participants were free of any ocular diseases, subjective refraction, as well as measurements 
of VA, contrast sensitivity, and visual fields. Non-cycloplegic subjective refraction was 
performed to obtain the optimal refractive correction, with a Jackson cross-cylinder and 
sphere determination to the endpoint of maximum plus, followed by binocular balancing. 
Visual acuity, contrast sensitivity, and visual fields were then assessed as described below. 
Visual acuity 
Distance VA measurement was measured using the Early Treatment for Diabetic Retinopathy 
Study (ETDRS) chart (Good-Lite Co., Elgin, IL), scored on a letter-by-letter basis, where 
each letter read correctly was scored as −0.02 log units (Bailey & Lovie, 1976). Chart 
luminance was set at 100 candelas per square metre (cd/m2) in accordance with the 
recommended VA testing range of 80 to 320 cd/m2 (Sheedy, Bailey, & Raasch, 1984). 
Participants were tested at a working distance of 4 m and instructed to read down the chart 
starting from the top, and to continue reading until more than two of the five letters on a line 
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were read incorrectly. Participants were encouraged to guess letters and were given as much 
time as necessary. 
Contrast sensitivity 
The Pelli-Robson contrast sensitivity letter chart (Haag-Streit UK Ltd., Edinburgh, UK) was 
chosen due to its widespread use in driving research (Haymes, et al., 2008; Owsley, et al., 
1998b; Wood, 2002a; Wood & Owens, 2005), and its letter-by-letter scoring method which 
increases its precision (Elliott, Bullimore, & Bailey, 1991). The chart consists of 8 rows of 
letters, each row containing two sets of a triplet of letters, with each successive triplet 
decreasing in contrast by 0.15 log contrast sensitivity (logCS) units, and a testing range of 
0.00 logCS units (highest contrast letters) to 2.25 logCS units (lowest contrast letters). Chart 
luminance was set at 110 cd/m2 in accordance with the recommended range of 60 to 120 
cd/m2 (Woods & Wood, 1995). Participants were tested with their optimal refractive 
correction at a distance of 1 m, with a working distance lens of +1.00 DS for the older 
participants. Participants were instructed to read the letters from the top of the chart and to 
continue reading until no letters were seen in a given triplet. LogCS was calculated by 
scoring 0.05 log units for each letter read correctly. Guessing was encouraged, and any 
confusions between “O” and “C” were recorded as correct responses (Elliott, et al., 1991). 
Visual fields 
Visual fields were tested on the Humphrey Field Analyzer (HFA) model 750 (Carl Zeiss – 
Meditec, Dublin, CA). This instrument was selected due to its widespread use in clinical 
settings (Gaskin, Carroll, Gamble, Goldberg, & Danesh-Meyer, 2006), glaucoma studies 
(Black, et al., 2011a; Black, et al., 2008; Owen et al., 2008; Ramulu, et al., 2009; Zahari, 
Mukesh, Rait, Taylor, & McCarty, 2006) and driving research (Crabb, Fitzke, Hitchings, & 
Viswanathan, 2004; Ramulu, et al., 2009). Standard white-on-white perimetry was used with 
a Goldmann size III stimuli (Crabb, et al., 2004; Owen, et al., 2008). 
Visual fields were assessed monocularly on the HFA as a basis to exclude participants with 
visual field defects using the Swedish Interactive Thresholding Algorithm (SITA)-Fast 24-2 
program, chosen because of its relatively shorter testing time compared to the SITA-Standard 
(which was used in Experiment 2), which makes it a convenient and useful tool for the 
purpose of ensuring participants met the inclusion criteria in the current study (Bosworth, 
Sample, Johnson, & Weinreb, 2000). The optimal working distance lens correction was 
placed in front of the tested eye while the other eye was occluded. 
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3.2.5. Laboratory-based driving-related tasks 
DriveSafe 
The DriveSafe involves the participant viewing static images of a real-world driving scene 
for 3 s and then describing features of the road users (pedestrians, bicycles, and vehicles) 
present in the image after it is removed. It has been suggested that the 3 s time limit adds an 
element of urgency and thus makes the test a more suitable method of evaluating fitness-to-
drive than most other image-based hazard detection tests that allow an indefinite amount of 
viewing time (George, Clark, & Crotty, 2008; Kay, Bundy, & Clemson, 2008). The test 
consists of 11 images of real-world driving scenes taken from the driver’s point of view. All 
images are of the same four-way roundabout intersection, but vary in the number and type of 
road users.  
Participants were seated in front of the computer screen on which the images were displayed 
and their eye movements were recorded while they viewed the images. Each image subtended 
a visual angle of 21.4° ×14.3° at a working distance of 64 centimetres (cm), and was 
presented for 3 s. After each image was removed, the participant was required to report (1) 
the types of road user: pedestrian, cyclist, car, or truck, (2) their location relative to the 
roundabout: in front of or at the rear of the roundabout, (3) their location relative to the 
observer: centre, left or right, and (4) their direction of travel: towards or away from the 
observer, or to the left or right. Participants were scored by the number of correctly identified 
features, with a maximum possible score of 128 (a total of 32 road users to describe). Figure 
3.1 shows an example of a DriveSafe image and how it was scored. Participants practiced on 
three images where they received feedback on their responses prior to testing to ensure that 
they understood the task. 
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 Person  On back footpath  On left  Walking right 
 Truck  In RAB  On right  Heading right 
 Car  In back street  On right  Entering RAB 
Figure 3.1. Example of a DriveSafe test image (top) and its scoring (bottom). For each 
correctly identified feature one point is given, and the maximum score for this image is 12; 
RAB: roundabout 
 
Hazard Perception Test 
The HPT involves viewing a series of video clips of real-world driving scenes recorded from 
the driver’s perspective, and participants were instructed to view these video clips as though 
they were the driver, and to indicate the presence of any traffic conflict or hazard (Horswill, 
et al., 2008) by clicking on the road user involved in the potential conflict with the computer 
mouse (Figure 3.2). A traffic conflict was defined as “any situation where your vehicle is on 
course to hit another road user, and you need to slow down, brake, or change course in order 
to avoid a crash”. To minimise the incidence of false positive responses through excessive 
mouse clicking by participants, only mouse clicks within 2° from the edges of the hazards 
were counted as a response. To encourage participants to remain vigilant throughout testing, 
they were informed that each clip might contain more than one traffic hazard, and to use the 
mouse to click on each hazard as soon as it was identified. 
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Figure 3.2. Screenshots of an 
example HPT video clip 
The traffic hazard is indicated by the 
red arrow. (A) Near the start of the 
video, the hazard has appeared but 
not yet apparent; (B) and (C) the 
hazard is apparent and would 
require a mouse click response from 
the observer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The duration of each video clip ranged from 8 to 29 s, running at 30 frames per second. The 
visual scene subtended a visual angle of 33.9° × 14.8° on the monitor at a viewing distance of 
64 cm. Participants completed a five-minute practice on the HPT prior to testing to ensure 
that they understood the task. Each video clip contained one primary traffic hazard, with two 
or fewer secondary hazards, and only the responses to the primary hazard were analysed. 
Hazards consisted of pedestrians, cyclists, and vehicles (trucks, cars, motorcycles, and buses) 
presented in a variety of hazardous situations, such as merging or changing lanes, pulling out 
from a side road, or where the lead vehicle suddenly slows down or stops. 
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To study the effects of auditory distractors on hazard response time and eye movements, each 
HPT video clip had its own custom-recorded audio navigation instructions, which were 
intended to be similar to those from a commercial satellite navigation device. The volume of 
the navigational instructions was set individually for each participant to a level that they 
reported to be able to comfortably and clearly hear. In approximately half of the video clips, 
the navigation instructions given were possible to follow, and the remainder were impossible 
to follow according to the road layout in the driving scene. For example, an impossible 
instruction would be “turn right in 20 metres” when there is no right-hand street into which to 
turn. One or more audio instructions were associated with each video clip. The instructions 
were designed in such a way as to draw attention away from the location of the hazard, and 
synced to the moment when the hazard should become apparent. Participants were instructed 
to perform the HPT while listening carefully to these auditory navigation instructions, and to 
respond “yes” or “no” at the end of each video clip regarding whether the audio instructions 
were possible or impossible to follow. To ensure that participants were engaged with the 
distractor task, performance on the distractor task was recorded, although not used in the 
analysis. 
The primary outcome measure of the HPT was the hazard response time, measured as the 
time from the start of the video clip to the moment when the participant responded to the 
hazard with the mouse click. As the time point at which a road user appears and becomes 
apparent as a hazard varied across the different video clips, for the purpose of analysis, the 
raw response times were converted to z-scores according to each video clip relative to the 
whole participant sample. Where participants failed to respond to a hazard, the response was 
substituted (Sagberg & Bjornskau, 2006) with a z-score of +2.0 (97.5% percentile), to reflect 
poor hazard perception. To aid in the interpretation and reporting of the results, the z-scores 
were then converted back into an overall response time (in seconds) using the means and 
standard deviations of responses from all participants across all video clips (Horswill, et al., 
2008; Sagberg & Bjornskau, 2006). A secondary outcome measures was the total number of 
correctly detected primary hazards in each set of video clips. 
3.2.6. Eye movement tracking 
Participants’ eye movements were recorded with a Tobii TX300 eye tracking system (Tobii 
Technology, Danderyd, Sweden) while they performed the DriveSafe and HPT. The system 
is an infrared eye tracker that samples at 300 hertz (Hz) with a tracking accuracy of 0.3 to 
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0.6° (Tobii TX300: specification of gaze precision and gaze accuracy, 2010). Being a desk-
mounted system with high stability, it is optimally designed for use in the laboratory and 
tracks the eyes remotely without restricting head movements, enabling naturalistic viewing 
conditions and maximising participant comfort. 
The Tobii TX300 is integrated with an analysis software, Tobii StudioTM, that enables 
calibration, recording, and analysis of the eye tracking data. Prior to testing, an in-built five-
point calibration procedure was performed binocularly which was automated through Tobii 
StudioTM (Tobii Eye Tracking Research, 2016). Data recorded by the Tobii TX300 eye 
tracker (in the form of raw X and Y coordinates) were processed by Tobii StudioTM which 
classified the eye movement data into fixations and saccades. Using the Velocity-Threshold 
Identification (I-VT) fixation filter in Tobii StudioTM, eye movements with an angular 
velocity of less than 30°/s were classified into fixations, and eye movements above that 
threshold were classified as saccades. Where two or more fixations remained within a visual 
angle of 1.6°, they were merged into a single fixation, and short fixations of less than 100 ms 
were discarded (Cheong, et al., 2008; Geruschat, et al., 2006; Turano, et al., 2001). Smooth 
pursuits could not be distinguished from fixations since the visual representation of the 
driving environment moves relatively quickly (in terms of visual angle) and drivers do not 
tend to track a single moving object for long periods.  
The fixation and saccade data output was then exported into a Microsoft Excel spreadsheet, 
and used to compute the number of fixations per second, average fixation duration, and 
average saccade amplitude. In addition, the variance in fixation positions along the horizontal 
and vertical planes was calculated to describe the extent of visual search (Underwood, et al., 
2005). Task-specific eye movement measures were also analysed to express gaze behaviour 
on the relevant areas in the respective visual scenes. On the DriveSafe, these measures 
included the total fixation duration on the road users, and on the HPT, additional measures 
were the time to first fixation on hazards, and fixation duration on hazards before response. 
The time to the first fixation on hazards was analysed using z-scores and converted back to an 
overall time (in seconds) for reporting purposes, as per hazard response time. An example of 
a hazard in a HPT video clip is shown in Figure 3.3, together with the fixational eye 
movements and mouse click response. 
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Figure 3.3. Screenshots from a typical 
HPT video clip, depicting the fixations 
and response of a young participant. 
Yellow circles represent points of fixation 
during the respective timeframes; the 
hazard is indicated by the yellow arrow. 
(A) 0.00 s: Start of video clip; (B) 6.81 s: 
hazard (pedestrian) appears; (C) 9.94 s: 
participant makes a saccade from position 
1 to 2 to first fixate on the hazard; (D) 
13.38 s: participant responded to the 
hazard with a mouse click 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To evaluate these task-specific gaze behaviours, areas-of-interests (AOIs) were designated 
for each of the DriveSafe images and HPT video clips in Tobii StudioTM. These AOIs were 
defined using an elliptical shape fitted around the relevant road users, with 2° of visual angle 
margin from their edges (Figure 3.4) to account for involuntary eye movements that occur 
during fixation (e.g. microsaccades) as well as potential imprecision in eye tracking (Orquin, 
Ashby, & Clarke, 2015). This AOI margin was confirmed to be appropriate, following visual 
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examinations of the eye tracking heat maps, which presentpresent a visualisation of how 
participants’ gaze was distributed across the visual scene. 
 
Figure 3.4. An example of the elliptical AOIs (yellow) defined around the road users in an 
image from the DriveSafe 
 
3.2.7. Study design and procedure 
This was a 2×2 repeated-measures counterbalanced study. Participants completed the 
DriveSafe in two visual conditions (best-corrected vision and with blur), while the HPT was 
completed in two visual (best-corrected vision and blur) and two distractor conditions 
(without and with the auditory distractor task).  
Following completion of the questionnaire and visual function assessments, participants were 
seated comfortably in front of the eye tracker, at a viewing distance of between 55 and 75 cm 
(optimally 64 cm) from the screen (Figure 3.5). To minimise missing data, participants were 
instructed to avoid extreme head movements and any hand gestures that may obstruct the 
infrared light pathway between the eye tracker and the eyes during testing. Participants were 
also advised to keep their gaze on the screen as much as possible, although to blink as 
normal. Trial lenses were positioned in a trial frame, which included an appropriate working 
distance correction for the 64 cm viewing distance. Participants adapted to each visual 
condition for 15 minutes (George & Rosenfield, 2004; Khan, Dawson, Mankowska, Cufflin, 
& Mallen, 2013; Mon-Williams, Tresilian, Strang, Kochhar, & Wann, 1998; Virupaksha, 
2013) by watching a movie on the monitor at the same working distance as for testing. Visual 
2° 
2° 
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acuity with that particular visual condition (best-corrected or with +2.00 DS blur) was 
measured after adaptation. Participants then completed one DriveSafe and two HPT tasks 
(without and with auditory distractors). This adaptation and testing procedure was repeated 
for the second visual condition (Figure 3.6). The order of the visual and distractor conditions 
was counterbalanced.   
 
Figure 3.5. Eye tracking set up with the Tobii TX300 
 
 
Figure 3.6. Procedure for Experiment 1 
 
64 cm 
(55-75 cm) 
Tobii TX300 eye tracker 
DriveSafe: 2 measures 
HPT: 4 measures 
Consent and questionnaire
Vision and ocular health 
screening
• VA and subjective refraction
• Anterior and posterior ocular health
• Contrast sensitivity (binocular)
• Visual fields (24-2 SITA-Fast)
Instructions and practice 
for HPT and DriveSafe
15-min adaptation to 
visual condition 1
(Best-corrected/blur)
Distance vision 
measurement
DriveSafe
HPT (no distractor)
HPT (with distractor)
15-min adaptation to 
visual condition 2
(Best-corrected/blur)
Distance vision 
measurement
HPT (no distractor)
HPT (with distractor)
DriveSafe
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As only 11 images were available for the DriveSafe, the same images were used for both the 
best-corrected and blurred vision measures, but presented in a random order between 
conditions. Each test set of 11 images took each participant approximately 15 minutes to 
complete. The HPT had a total of 48 video clips for use, which were divided into four sets of 
12, each took 8 to 10 minutes to complete, with equal numbers of hazard types in each set. 
For each participant, the four video sets were presented in a random order, and none of the 
sets or clips was repeated for a given participant. The video sets were presented either in the 
presence or absence of blur and/or distractors, the testing order of which was determined by a 
separate counterbalancing procedure to manipulate the testing order of the visual and 
distractor conditions.  
3.2.8. Statistical analysis 
Statistical analyses were performed using SPSS version 21.0 (SPSS, Chicago, IL), and the 
level of significance was set at p < 0.05. To account for repeated measurements and missing 
data, the data were analysed using linear mixed-effects models (Field, 2009), with maximum 
likelihood estimation and random intercepts for participants. The fixed effects included 
between-group age effects (young vs. older) and within-subject effects of vision (best-
corrected and blur) and distractor (without and with auditory distractor) conditions. All two- 
and three-way interactions were examined. Models were compared using several covariance 
structures and the best fit for each variable was determined, based on the Akaike’s 
Information Criteria (Field, 2009). Where interactions were significant, the simple effects 
were examined. The main effects of eye movements on test performance were later explored 
by including the eye movement measures as co-variates in the analyses.  
To ensure that the analysis was not affected by recordings with poor eye tracking data, 
recordings that had less than 50% of eye tracking data were excluded from the analyses, 
consistent with the threshold used by previous similar eye tracking studies (Crabb, et al., 
2010; Gonzalez-Gomez, Poltrock, & Nazzi, 2013; Nuske, Vivanti, & Dissanayake, 2014; 
Van Viersen, Slot, Kroesbergen, Van't Noordende, & Leseman, 2013). Eighty sets of the 
DriveSafe were completed (40 participants × 2 measures), which yielded a total of 880 
images (80 sets × 11 images per set). Twenty-eight images (3.2%) were excluded from the 
analysis due to poor tracking. Of those that were analysed, the mean eye tracking data 
recorded was 91.3% (SD: 10.0%), and each participant had a mean of 10.7 slides (SD: 0.9) 
out of 11 per set for each visual condition. For the HPT, 160 video sets were completed (40 
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participants × 4 measures), totalling 1920 individual videos (160 sets × 12 video per set); of 
these 101 were excluded (5.3%). The remaining recordings had a mean of 87.6% (SD: 
10.8%) of eye tracking included in the analysis, and each participant had on average 11.4 
video clips per recording (SD: 1.4) to analyse for each condition. 
3.3. Results 
Twenty participants per group were recruited. The age, gender, driving, and visual function 
characteristics of the study sample are shown in Table 3.1. There was no group difference in 
VA with +2.00 DS blur, visual fields, or contrast sensitivity. While the young drivers had 
better VA on average than the older group (p = 0.003), all of the older drivers had VA levels 
of 0.04 logMAR or better. 
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Table 3.1. Age, gender, driving, and vision characteristics of study sample 
 Young (n = 20) Old (n = 20) p-valuea 
Age (years) 27.1 ± 4.6 73.3 ± 5.7 < 0.001** 
Gender: male (n, %) 10 (50.0%) 15 (75.0%) 0.10 
Driving status    
Driving experience (years) 7.0 ± 4.4 53.8 ± 7.6 < 0.001** 
Self-rating of driving ability (n, %)    
● Good to Excellent 13 (65.0%) 13 (65.0%) 
1.00 
● Fair to average 7 (5.0 %) 7 (5.0 %) 
Days driven per week 4.8 ± 2.3 5.1 ± 1.9 0.56 
Weekly mileage (km) 236.9 ± 268.0 139.8 ± 131.2 0.15 
Perceived driving difficulty scoreb 38.6 ± 7.5 41.7 ± 1.1 0.14 
Number of drivers with a history of one or more crashes (n, %) 
● In last 12 months 2 (10.0%) 1 (5.0%) 0.55 
● In last 5 years 7 (35.0%) 3 (15.0%) 0.14 
Visual function    
Binocular best-corrected VA (logMAR) −0.13 ± 0.08 −0.05 ± 0.06 0.003** 
Binocular VA with +2.00 DS blur 
(logMAR) 
0.54 ± 0.18 0.53 ± 0.14 0.78 
Change in VA (blur – best-corrected; 
logMAR) 
0.67 ± 0.19 0.59 ± 1.19 0.11 
Binocular contrast sensitivity (logCS) 1.99 ± 0.22 1.95 ± 0.00 0.38 
Visual fields    
● Better eye MD (dB) 1.92 ± 0.93 1.23 ± 0.91 0.99 
● Worse eye MD (dB) 1.24 ± 0.85 0.49 ± 1.18 0.07 
Continuous variables presented as mean ± standard deviation. a Between-group differences 
analysed using Independent Samples t-test for continuous variables, and chi-square test for 
categorical variables (gender, self-rating of driving ability, and crash histories); b Range 
from 9 to 45, lower score represent higher difficulty. *p<0.05; **p<0.01 
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3.3.1. Performance measures 
3.3.1.1 DriveSafe scores  
There was a significant main effect of visual condition on the DriveSafe score (Figure 3.7 
and Table 3.2), with performance being reduced by 19.3% in the presence of blur (F1, 815 = 
244.1, p < 0.001). While no significant main effect of age group on the DriveSafe score was 
found (F1,41 = 0.1, p = 0.68), there was an age × visual condition interaction effect (F1, 815 = 
16.2, p < 0.001), such that the younger drivers were more affected by blur than the older 
drivers, with score reductions of 23.9% and 14.8% respectively (young: F1, 407 = 177.9, p < 
0.001; old: F1, 408 = 73.8, p < 0.001; Figure 3.7). However, there was no significant 
difference in scores between groups in each vision condition (p > 0.05). 
 
 
Figure 3.7. The effect of blur and age on DriveSafe scores. Dotted line represents the 
recommended pass/fail cut-off score of 95 for fitness-to-drive (Kay, et al., 2009). Error bars 
represent standard errors. *p<0.05; **p<0.01 
 
 
 
 
**
**
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Table 3.2. Test performance of study sample 
Presented as mean ± standard deviation. *p<0.05; **p<0.01 
 
 
Young 
 
Old 
 p-values 
Significant 
interaction 
effects; p-value 
  
 (main effects) 
Best-
corrected 
 With blur 
Best-
corrected 
 With blur 
 Visual 
condition 
 
Distractor 
condition 
 
Age 
group 
DriveSafe score (max 128) 118.4 ± 4.1  88.6 ± 15.3  111.5 ± 6.5  95.9 ± 7.0 
 
< 0.001**  NA  0.68 
Age  visual 
condition; 
p < 0.001** 
Hazard response time (s)               
● No distractor 10.5 ± 1.5  10.8 ± 1.3  10.7 ± 1.9  11.1 ± 1.8  
< 0.001**  < 0.001**  0.10 
Age  distractor 
condition; 
p = 0.001** ● With distractor 10.6 ± 1.7 
 11.5 ± 1.8  11.7 ± 1.9  12.1 ± 2.0  
Number of hazards detected (out of 12)        
● No distractor 11.7 ± 0.5  11.7 ± 0.6  11.3 ± 1.1  11.3 ± 1.2  
0.46  0.001**  0.002** 
Age  distractor 
condition; 
p < 0.001** ● With distractor 11.3 ± 0.9 
 11.6 ± 0.  9.7 ± 2.1  9.9 ± 2.2  
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3.3.1.2 Hazard detection performance 
As shown in Table 3.2, visual condition had a significant main effect on hazard response 
time, where blur delayed the response time by 0.42 s compared to the best-corrected 
condition (F1,1778 = 34.6, p < 0.001). However, the number of hazards detected did not differ 
significantly between visual conditions (F1,120 = 0.6, p = 0.46). Distractors had significant 
main effects on both the hazard response time and number of hazards detected. With 
distractors, both groups of drivers had an average of 0.76 s delay in hazard response times 
(F1,1779 = 113.1, p < 0.001) and detected 0.9 fewer hazards (out of 12) compared to the no-
distractor condition. Age had no significant main effect on hazard response time (F1,40 = 2.9, 
p = 0.10), although the older drivers detected fewer hazards compared to the young (10.5 and 
11.5 detected out of 12 respectively; F1,40 = 11.2, p = 0.002). 
There were significant age × distractor interaction effects on hazard response time (F1,1779 = 
11.0, p = 0.001; Figure 3.8) and number of hazards detected (F1,120 = 18.0, p < 0.001), where 
the auditory distractor task negatively affected the hazard response performance of the older 
drivers to a greater extent than the young. The older drivers were 0.96 s slower to respond 
(F1,900 = 89.3, p < 0.001) and detected 1.5 fewer hazards (F1,60 = 32.4, p < 0.001) during the 
distractor task compared to no-distractors. In contrast, the young drivers demonstrated an 
average delay of 0.60 s (F1,880 = 29.6, p < 0.001) and detected only 0.3 fewer hazards (F1,60 = 
4.7, p = 0.034) during the distractor condition relative to no-distractors. There was no other 
significant two- or three-way interaction effect.  
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Figure 3.8. The effects of age and distractor on hazard response times. Error bars 
represent standard errors. *p<0.05; **p<0.01 
 
3.3.2. Eye movement patterns 
3.3.2.1 DriveSafe 
The eye movement measures while performing the DriveSafe are presented in Table 3.3. 
Visual condition had a significant main effect on the total fixation duration on road users, 
with a 0.21 s reduction with blur compared to best-corrected vision (F1, 814 = 0.1, p < 0.001). 
Figure 3.9 shows an example of the typical fixation patterns of a young participant, who 
made fewer fixations on the road users and more on non-relevant locations in the presence of 
optical blur compared to best-corrected vision. Blur also resulted in decreased saccade 
amplitude and horizontal search variance by 0.7° (F1, 814 = 26.2, p < 0.001) and 0.9° (F1, 814 = 
5.6, p = 0.018) respectively compared to best-corrected vision. 
**
**
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Table 3.3. Eye movement patterns while performing the DriveSafe 
  
Young 
  
Old  
 p-values 
    
 (main effects) 
Best-
corrected 
 With blur 
Best-
corrected 
 With blur 
 Visual 
condition 
 Age 
Group 
Fixations per second 2.41 ± 0.51   2.43 ± 0.59   2.40 ± 0.58  2.48 ± 0.62  0.14  0.82 
Average fixation duration (s) 0.49 ± 0.20   0.51 ± 0.39   0.52 ± 0.21  0.50 ± 0.22  0.57  0.32 
Average saccade amplitude (°) 7.8 ± 2.2   7.1 ± 2.1   7.0 ± 2.0  6.3 ± 1.8  < 0.001**  < 0.001** 
Horizontal search variance (°) 87.3 ± 1.4   86.2 ± 8.0   86.0 ± 5.9  85.3 ± 5.6  0.018*  0.038* 
Vertical search variance (°) 21.5 ±24.5   24.9 ± 25.1   38.0 ± 27.3  40.5 ± 27.3  0.08  < 0.001** 
Total fixation duration on road 
users (s) 
2.13 ± 0.49  1.92 ± 0.64   1.95 ± 0.70  1.78 ± 0.71 
 
< 0.001** 
 
0.07 
Presented as mean ± standard deviation. *p<0.05; **p<0.01
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Figure 3.9. Eye movement patterns of a young participant with best-corrected vision 
(green) and with blur (red) while completing the DriveSafe. Circles represent fixations, with 
larger circles indicating longer fixation durations, the numbers within the circles indicate the 
fixation sequence, and lines connecting fixations represent saccades. The road users in the 
scene are indicated with yellow arrows 
 
 
Age had a significant main effect on a number of eye movement measures. On average, older 
drivers exhibited 0.8° smaller saccades (F1, 40 = 14.4, p < 0.001), 1.1° narrower horizontal 
search variance (F1, 41 = 4.6, p = 0.038), and 16.0° larger vertical search variance (F1, 39 = 
17.2, p < 0.001), compared to the young drivers. There were no other significant main or 
interaction effects on eye movement patterns. 
3.3.2.2 Hazard Perception Test 
The eye movement measures for each testing condition and age group are shown in Table 
3.4. Visual condition had a significant main effect on fixation duration on the hazard before 
response, which increased by an average of 0.19 s with blur (F1,1761 = 4.0, p = 0.046). There 
was no other significant main effect of visual condition on eye movement measures. 
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Table 3.4. Eye movement patterns while performing the HPT 
 
Presented as mean ± standard deviation. *p<0.05; **p<0.01 
 
  
 
  Young   Old  p-values  
Significant 
interaction 
effects; 
p-value 
 Best-corrected  With blur   Best-corrected   With blur  (main effects)  
 
No 
distractors 
 
With 
distractors 
 
No 
distractors 
  
With 
distractors 
  
No 
distractors 
  
With 
distractors 
  
No 
distractors 
  
With 
distractors 
 Visual 
condition 
 
Distractor 
condition 
 
Age 
group 
 
Fixations per 
second 
1.89 ± 0.48  2.03 ± 0.48   1.82 ± 0.51   2.05 ± 0.42   1.87 ± 0.62  2.00 ± 0.65   1.91 ± 0.54   2.03 ± 0.59 
 
0.47  < 0.001**  0.83 
 
- 
Average fixation 
duration (s) 
0.58 ± 0.23  0.53 ± 0.20   0.58 ± 0.25   0.50 ± 0.25  0.58± 0.31  0.55 ± 0.44   0.53 ± 0.23   0.52 ± 0.27 
 
0.51  < .0001**  0.72 
 
- 
Average saccade 
amplitude (°) 
4.4 ± 1.2  4.6 ± 1.2   4.1 ± 1.3   4.5 ± 1.3   3.9 ± 1.0  4.0 ± 1.4   4.0 ± 1.2   4.0 ± 1.2 
 
0.21  0.008**  0.007** 
 Age ´ visual 
condition; 
p = 0.001** 
Horizontal search 
variance (°) 
83.0 ± 6.4  83.5 ± 5.6   81.6 ± 7.6   84.6 ± 7.6   82.2 ± 8.0  82.2 ± 8.3   82.9 ± 7.0   82.5 ± 8.7 
 
0.13  < 0.001**  0.028* 
 
- 
Vertical search 
variance (°) 
32.3 ± 20.8  32.6 ± 20.0   30.1 ± 18.0   33.0 ± 18.0   35.3 ± 20.6  35.2 ± 19.3   35.8 ± 21.5   35.4 ± 19.3 
 
0.37  0.19  < 0.001* 
 
- 
Time to first 
fixation on 
hazard (s) 
7.64 ± 0.99  8.10 ± 1.45   8.00 ± 1.41   8.35 ± 1.41   8.05 ± 1.71  8.75 ± 1.78   7.97 ± 1.39   8.52 ± 1.72 
 
0.18  < .0001**  0.016* 
 
Age ´ visual 
condition; 
p = 0.001** 
Fixation duration 
on hazard before 
response (s) 
2.06 ± 1.71  1.88 ± 1.83   1.98 ± 1.92   1.83 ± 1.92   1.68 ± 1.60  1.46 ± 1.69   1.87 ± 1.94   2.16 ± 2.63 
 
0.046*  0.40  0.11 
 
- 
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Auditory distractors had a significant main effect on several eye movement measures. On 
average, number of fixations per second increased by 0.21 (F1,1012 = 185.4, p < 0.001), 
average fixation duration shortened by 0.05 s (F1,1777 = 27.7, p < 0.001), saccade amplitudes 
increased by 0.13° (F1,1741 = 7.1, p = 0.008), horizontal search variance increased by 0.8° 
(F1,1811 = 5.4, p = 0.021), and time to first fixation on hazards was delayed by 0.55 s (F1,1673 = 
54.5, p < 0.001) in the presence of distractors. There was also an age × distractor interaction 
effect on horizontal search variance (F1,1811 = 8.3, p = 0.004); with distractors, the horizontal 
search variance of the young drivers significantly increased by 1.7° (F1,892 = 18.6, p < 0.001), 
whereas the older group did not exhibit any significant change (F1,919 = 1.2, p = 0.23). 
Significant age differences in eye movement measures were also found (Table 3.4). Older 
adults exhibited smaller saccades by 0.41° (F1,39 = 8.0, p = 0.007), narrower horizontal search 
variance by 0.7° (F1,39 = 4.8, p = 0.028), and wider vertical search variance by 3.4° (F1,39 = 
13.5, p < 0.001) compared to the young participants. Furthermore, older drivers had a 0.36 s 
delay in their time to first fixation on hazards compared to the young (F1,33 = 6.4, p = 0.016). 
There were significant age × visual condition interaction effects on saccade amplitudes (F1, 
1741 = 6.7, p = 0.010) and time to first fixation on hazards (F1,1686 = 10.6, p = 0.001). With 
blur, the younger drivers made 0.12° smaller saccades (F1,877 = 7.1, p = 0.008) and showed a 
0.28 s delay in their time to first fixation on hazards (F1,870 = 13.1, p < 0.001) as compared to 
the best-corrected vision condition. In contrast, there were no significant changes in eye 
movement measures between visual conditions for the older group (p > 0.05; Figure 3.10). 
 
Figure 3.10. Saccade amplitudes and time to first fixation on the hazard. *p<0.05; 
**p<0.01; NS: not significant 
NS
** **
NS
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3.3.3. Associations between eye movement patterns and task performance 
Better DriveSafe scores were associated with fewer fixations per second (F1, 833 = 5.3, p = 
0.021), larger saccades amplitudes (F1, 832 = 15.2, p < 0.001), wider horizontal search 
variance (F1, 849 = 19.0, p < 0.001), narrower vertical search variance (F1, 619.7 = 10.3, p = 
0.001), and longer fixation duration on the DriveSafe road users (F1, 810 = 24.5, p < 0.001). 
For the HPT, faster hazard response times were associated with fewer fixations per second 
(F1, 1798 = 13.2, p < 0.001), longer average fixation duration (F1, 1796 = 13.7, p < 0.001), and 
narrower vertical search variance (F1, 1780 = 5.8, p = 0.016). Additionally, faster first fixation 
on the hazard (F1, 1696 = 44.5, p < 0.001) and shorter fixation duration on the hazard before 
response (F1, 1782 = 41.1, p < 0.001) were associated with faster hazard response times. No 
other eye movement measure was associated with DriveSafe score or hazard response time. 
3.4. Discussion 
Experiment 1 explored the effects of optical blur and distractors on eye movement patterns 
and performance on laboratory-based driving-related tasks of young and older adults. Optical 
blur negatively impacted on task performance and resulted in alterations in eye movement 
patterns, although the effects varied between the two tasks and participant groups. Distractors 
also had detrimental effects on HPT performance, with the performance of the older drivers 
affected to a larger extent than the young, and resulted in a number of changes in eye 
movement patterns. 
3.4.1. Blur and task performance 
Optical blur negatively affected the performance of the young and older drivers on both the 
DriveSafe and HPT. This detrimental effect of blur reflects the well-known impact of blur on 
a range of visual function measures, including decreases in VA and contrast sensitivity 
(Wood, et al., 2009a; Wood et al., 2010b; Wood, et al., 2014a). Additionally, the current 
findings support those of closed-road studies (Wood, et al., 2010a; Wood, et al., 2014a) 
showing that low-contrast hazard detection, pedestrian recognition, sign recognition, and 
overall driving performance are poorer with optical blur for both young and older drivers. On 
the HPT, while the number of hazards detected was similar between the two visual 
conditions, there was an average delay in hazard response time of 0.42 s with blur in both 
groups of drivers, which equates to a 7.0 m increase in stopping distance for a vehicle 
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travelling at 60 kilometres per hour (km/h), and may have severe road safety implications 
should the driver not stop or slow down in time. 
Interestingly, blur negatively affected the DriveSafe scores of the young drivers to a greater 
extent than the older drivers, but no such interaction effect was observed on the HPT. In a 
closed-road study, Wood et al. (2009a) did not observed that optical blur affected the daytime 
driving performance of young drivers to a greater extent than the older drivers. However, the 
same research group (Wood, et al., 2015) also demonstrated that pedestrian detection 
performance of younger drivers at night was more negatively affected by optical blur than 
older drivers. Earlier findings of older adults’ increased tolerance to optical blur have been 
reported by Kline et al.’s research group (Jung & Kline, 2010; Kline, Buck, Sell, Bolan, & 
Dewar, 1999), where the ability to recognise static words and images was measured; the 
authors suggested that this effect is partly explained by age-related pupillary miosis and 
neural adaptation (Jung & Kline, 2010; Kline, et al., 1999). However, this age by optical blur 
interaction effect seems to only apply in low lighting levels, such as the night-time closed-
road experiments by Wood et al. (2015), and with static visual scenes, such as the still-
images in Kline et al.’s experiments (Jung & Kline, 2010; Kline, et al., 1999) and those in the 
current DriveSafe experiment. This age-related blur tolerance effect was not apparent when 
viewing dynamic environments such as those encountered during daytime closed-road 
driving (Wood, et al., 2009a) and for the HPT in the current study. Another likely reason for 
these discrepancies in findings may be related to the performance measures; where those by 
Kline’s research group (Jung & Kline, 2010; Kline, et al., 1999) included measurements of 
the size threshold for recognition of pictures and words, and the DriveSafe scored the number 
of correctly identified road user features, which are very different to the HPT timed 
responses. 
3.4.2. Blur and eye movement patterns 
For the DriveSafe, blur significantly altered several eye movement measures in both groups 
to similar extents, including a 10% reduction in the fixation duration on road users. Given the 
3 s image presentation duration, these changes are likely to considerably impact on 
performance, and are reflected by the reduction in DriveSafe scores with blur. These 
findings, however, are not in complete agreement with previous studies on non-driving visual 
search tasks (Cornelissen, et al., 2005; Van der Stigchel, et al., 2013), which reported that 
fixation durations on targets were longer in the presence of visual impairment, specifically 
Experiment 1 
 
 
59 
central scotomas from macular degeneration (Van der Stigchel, et al., 2013), and with 
simulated central and peripheral visual field scotomas (Cornelissen, et al., 2005). Longer 
fixation durations are associated with increased awareness and visual attention on the object 
(Hodgson & Muller, 1999), and one might expect that, with blur, observers would increase 
their fixation duration on the targets in an attempt to resolve more information. However, 
participants in these previous studies were given an unlimited amount of time to complete the 
task (Cornelissen, et al., 2005; Van der Stigchel, et al., 2013), as oppose to the 3 s viewing 
time for the DriveSafe images in the current study. The time limit required participants to 
process as much visual information from each DriveSafe image as quickly as possible; 
therefore, with blur, participants did not fixate on road users that were difficult to 
discriminate for long periods, and instead appeared to have prioritised searching for other 
road users. 
The difficulty experienced by both young and older drivers in the blur condition during the 
DriveSafe is further demonstrated by the reduction in their saccade amplitudes with blur. 
Previous studies have observed that saccade amplitudes reduced with increasing visual 
difficulty of a search task, for example by reducing the contrast of the target against its 
background (Nasanen, Ojanpaa, & Kojo, 2001), having smaller targets (Pomplun, Garaas, & 
Carrasco, 2013), or increasing the complexity of the targets and distractors (Pomplun, et al., 
2013). Maltz and Shinar (1999) likewise reported that average saccade amplitude was 
negatively correlated with the time taken to complete their visual search task (sequentially 
locating numbers on a photograph of a driving scene). While performing the DriveSafe, the 
mechanisms underlying the effect of blur on participants’ saccade amplitudes may similarly 
reflect increased difficulty in completing the task. Additionally, horizontal search variance 
was narrower with blur, suggesting that participants were not scanning the periphery as 
extensively compared to viewing with best-corrected vision. However, it should be noted that 
this effect of optical blur on horizontal search variance, while statistically significant, was 
small (reduction of approximately 1% with blur), and may not have had a large impact on 
viewing behaviour while viewing the DriveSafe images. 
For the HPT, optical blur increased the time that drivers fixated on the hazards prior to 
responding. This suggests that, with blur, while drivers’ visual attention may have been 
allocated to a given road user, they had more difficulty identifying whether that road user was 
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a hazard; thus, longer fixations on the road user were required before drivers were able to 
make a judgement, which is also reflected in their delayed hazard response time with blur. 
The effect of optical blur on eye movement patterns during the HPT seemed to be smaller in 
comparison to those during the DriveSafe. The reason for this may be related to the 
difference in visual scenes. In contrast to the static DriveSafe images, the visual scenes in the 
HPT are in motion, and the moving hazards would have attracted the attention of the observer 
regardless of optical blur, therefore prompting eye movements towards the relevant objects in 
the scenes. Another possible reason for the disparity in findings may be related to the 
difference in tasks performance measures. The DriveSafe requires the observer to report on 
relatively detailed features of the road users (e.g. type of road user and direction of heading), 
which is more visually-demanding and may therefore elicit greater changes in eye 
movements with blur, as compared to the HPT, which only involves identification of the 
presence of a hazard with a mouse-click response.  
Optical blur was also found to affect several eye movement measures of the young but not 
the older drivers while performing the HPT. Although blur affected the hazard response times 
of both groups to similar extents, there were some differential effects of blur on eye 
movement patterns between age groups. In the presence of blur, the young drivers exhibited 
smaller saccades and delayed time to first fixation on hazards, the latter suggesting reduced 
visual attention on hazards as compared to best-corrected vision. On the other hand, the eye 
movement patterns of the older drivers were not significantly altered in the presence of blur. 
Given that this is the first time that age-related variations in drivers’ gaze behaviour with blur 
have been observed, a conservative approach to interpretation is indicated and further studies 
are warranted to confirm and better understand the implications of this finding. 
3.4.3. Auditory distractors and task performance 
Most studies that have evaluated the effects of distraction on driving performance have 
utilised cognitive tasks as the distractors, examples include arithmetic computations 
(Harbluk, et al., 2007; Sodhi, et al., 2002), verbal generation of words (Hammel, et al., 2002), 
and item memorisation (Sodhi, et al., 2002). While such methods may, to some extent, 
represent the nature of distractions involved with the use of modern in-vehicle technologies, 
they inherently demand the driver to take some of their attention off the road. In the current 
study, simulated navigation instructions were used as the distractor, where drivers were 
required to respond verbally regarding whether the auditory instructions given were possible 
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to follow or not based on the layout of the road ahead (Virupaksha, 2013). This represents 
real driving scenarios, in that it does not require drivers to take their eyes and attention off the 
road, and drivers’ gaze behaviours with this task are likely to reflect those of a driver finding 
their way in an unfamiliar place or using satellite navigation systems, which are increasingly 
common in the modern driving environment. 
The auditory distractor task significantly affected the hazard response performance of both 
groups of drivers, which aligns with previous closed-road studies (Chaparro, et al., 2005; 
Wood, et al., 2009a) that reported poorer road sign recognition, slower driving speeds, and 
poorer overall driving performance among young, middle-age, and older participants as they 
completed a secondary arithmetic summing task while driving. Importantly, the present study 
found that older drivers exhibited more delayed hazard response times with distractors and 
detected fewer hazards relative to the young drivers. The 0.96 s and 0.60 s respective delays 
in response times among the older and young drivers would equate to an increase in stopping 
distance of 16 m and 10 m for a vehicle travelling at 60 km/h. This may reflect the greater 
decline in the driving performance of older adults compared to the young, as reported when 
undertaking divided attention tasks (Wood, et al., 2009a), and may be linked to constriction 
of the UFoV with older age (Chaparro, et al., 2005; Haegerstrom-Portnoy, et al., 1999). 
3.4.4. Auditory distractors and eye movement patterns 
Auditory distractors also resulted in alterations in several eye movement measures. In 
particular, the increase in fixations per second, saccade amplitudes, and horizontal search 
variance reflect the driver’s need to frequently shift their attention towards the locations 
indicated by the navigation directions. These findings are seemingly in contrast to those of 
previous simulator and on-road studies, which reported reduced saccade amplitudes 
(Hammel, et al., 2002; Recarte & Nunes, 2000), standard deviations of gaze position (Victor, 
et al., 2005), and variability of horizontal and vertical fixational extents (Hammel, et al., 
2002; Recarte & Nunes, 2000) when engaging in secondary tasks while driving compared to 
a no-distractor condition. This discrepancy in findings may be explained by the difference 
between the secondary tasks used in the current study (listening and judging the accuracy of 
road direction instructions) and those in previous studies, such as verbal generation of words 
(Hammel, et al., 2002; Recarte & Nunes, 2000), spatial rotation of letters (Hammel, et al., 
2002; Recarte & Nunes, 2000), and auditory tone discrimination (Victor, et al., 2005), which 
did not require drivers to look at the road in order to respond appropriately. It should be noted 
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that, in the current study, the magnitude of the changes in these eye movement measures with 
distractors was relatively small, and thus it remains unclear whether these may impact on 
viewing behaviour for real-world driving. An important effect of distractors was the delay in 
time to first fixation on the hazard, which reflects the need for drivers to alter their scanning 
behaviour to check the road layout according to the satellite navigational instructions, but at 
the cost of diverting their attention from potential road hazards. 
3.4.5. Age and task performance 
While the older drivers in the current study detected significantly fewer hazards than the 
young drivers, the groups were comparable in terms of DriveSafe scores and hazard response 
time. This is in agreement with previous studies (Horswill et al., 2009; Underwood, et al., 
2005) that reported that hazard response times were similar for drivers aged 30 to 55 years 
and those aged 60 to75 years. However, Horswill et al. (2009) noted that drivers aged 75 
years and above had significantly increased hazard response times compared to the younger 
age groups. The authors hypothesised that in this older group of drivers, delayed hazard 
response times could be explained by age-related declines in visual function and increased 
reaction times (Horswill, et al., 2009). However, the sample size and age range of the older 
group in the current study (with only seven participants age 75 and above) may not have been 
large enough to reflect these declines. 
3.4.6. Age and eye movement patterns 
Saccade amplitudes were found to be consistently smaller in the older drivers relative to the 
young. Similar findings were reported by Dowiasch et al. (2015) in a study of 34 participants 
between the ages of 25 to 85 years, where saccade amplitudes were found to be negatively 
correlated with age during a walking task. Maltz and Shinar (1999) also observed a trend 
towards smaller saccade amplitudes in their older participants relative to the younger ones in 
a visual search study that involved locating numbers embedded within photographs of driving 
scenes; however, this difference did not reach statistical significance, possibly because of the 
small sample size (n = 10). These changes in saccade amplitudes have been attributed to 
deterioration in extra-ocular muscle function and visuo-neurological processing that occur 
with ageing, including deficiency of the motor signal that directs the eye to the desired 
position (Sharpe & Zackon, 1987). Age differences in saccade amplitudes may also be linked 
to increases in saccadic averaging in the presence of visual distractors in older adults (Scialfa, 
Hamaluk, Skaloud, & Pratt, 1999). In the present study, the DriveSafe scenes contained 
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objects such as trees and lamp posts that may act as visual distractors, resulting in an increase 
in the saccadic averaging of the older group, which further contributes to their reduction in 
saccade amplitudes.  
Horizontal search variance was also significantly smaller for the older drivers compared to 
the young on both the DriveSafe and HPT. However, Underwood et al. (2005) failed to find 
any significant age difference in horizontal search variance in their small sample of drivers (n 
= 12 per group). Interestingly, in the current study, vertical search variance was found to be 
larger among older drivers than the young on both tests. Given the limited number of studies 
on age differences in the extent of search patterns while driving, this topic is worthy of 
further exploration. 
Another age difference observed in the current study was that older drivers had a longer delay 
in time to first fixation on the HPT hazards compared to their younger counterparts. While it 
took longer for the older drivers to first fixate on the hazards, which may partly be due to 
their age-related decline in visual function (Horswill, et al., 2008; Horswill, et al., 2009), it is 
possible that their longer driving experience enabled them to recognise the hazardous nature 
of road events quicker, compensating for the effects of reduced visual function (Horswill, et 
al., 2009; Underwood, et al., 2005), thereby maintaining hazard detection times comparable 
to those of the younger drivers. 
3.4.7. Association between eye movements and performance 
In both the HPT and DriveSafe, fewer fixations per second were noted to be significantly 
associated with better task performance. A lower fixation rate may imply that the observer 
has a better idea of where to look, and was thus able to spend more time fixating on the 
relevant road users in the DriveSafe images, as well as exhibit a shorter delay in first fixation 
on the hazards in the HPT. A narrower vertical search variance was also found to be 
associated with better DriveSafe and HPT performance. In the driving scene, road users and 
hazards would appear predominately from the left or right of the field of view, rather than the 
top and bottom, as would be the case during real-world driving. Vertical scanning therefore 
would not be likely to positively contribute to road user and hazard detection. Instead, it is 
more reasonable to expect horizontal search variance to be positively associated with task 
performance, which was demonstrated by the relationship between better DriveSafe scores 
and wider horizontal search variance found in the current study. However, HPT performance 
was not found to be significantly associated with horizontal search variance. This disparity 
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between the findings on the DriveSafe and HPT may be another example of how the 
difference in visual scenes (static vs. dynamic) and outcome measures, result in varying eye 
movement patterns and task performance, as discussed earlier. 
3.4.8. Study strengths and limitations 
The findings of the current study need to be considered in terms of both its strengths and 
limitations. The main strengths of the experiment were the minimisation of learning effects 
and participant fatigue, where no two HPT video clips were repeated within participants and 
the visual/distractor conditions were counterbalanced. Moreover, the study utilised tasks 
which have validated outcome measures previously linked to indices of driving safety 
(Horswill, et al., 2010; Kay, et al., 2012; Kay, et al., 2008, 2009; Wetton, et al., 2011; 
Wetton, et al., 2010). Additional strengths of the study included the standardised testing 
protocol and the eye tracker employed, which has relatively high levels of accuracy (Tobii 
TX300: specification of gaze precision and gaze accuracy, 2010). 
An important limitation is the use of the same 11 images in the DriveSafe for the two visual 
conditions, potentially allowing memorisation as a result of repeated presentations. However, 
this effect was minimised as much as possible by counterbalancing the visual conditions, 
randomising the order of slide presentations, and providing 45 minutes  between 
presentations (30 minutes performing the HPT in the two visual conditions, plus 15 minutes 
of washout/blur adaptation between conditions). Furthermore, no changes to the statistical 
outcomes were found for the DriveSafe score after adjusting the analysis for the potential 
influence of testing order. Another potential limitation of this study is that the use of optical 
blur may not fully reflect the impact of true uncorrected refractive error where longer term 
adaptation can occur. This was addressed to some extent by providing a 15 minute period of 
blur adaptation before testing (George & Rosenfield, 2004; Khan, et al., 2013; Mon-
Williams, et al., 1998; Virupaksha, 2013). 
3.5. Conclusions 
In conclusion, the current findings support the hypotheses, that performance on driving-
related laboratory tasks would be negatively affected by blur and distractors for both young 
and older drivers. Importantly, the DriveSafe scores of the young drivers were reduced to a 
larger extent with blur, while the older drivers were particularly affected by the distractors on 
the HPT. 
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Blur resulted in significantly fewer fixations, smaller saccades, and shorter fixation durations 
on the relevant regions of interest on the DriveSafe, although there were minimal changes in 
the eye movement patterns on the HPT. This indicates that blur may have a greater impact on 
eye movement patterns in static visual scenes than on dynamic visual scenes, although more 
studies are warranted to confirm this observation. Auditory distractors significantly altered 
the eye movement patterns on the HPT, most notably delaying time to first fixation on the 
hazards. This finding demonstrated the deleterious effects of using in-vehicle devices that 
may affect drivers’ perception and response to road hazards. 
The findings from Experiment 1 have implications for real-world driving given the increasing 
complexity of the modern driving environment, particularly with the anticipated rise in the 
numbers of older drivers with visual impairment from uncorrected refractive error, and use of 
potentially distracting IVIS. While the tasks used in this experiment are considered to reflect 
on-road driving performance, it is essential to understand how these findings on eye 
movement patterns and performance on the DriveSafe and HPT translate to real-world 
driving; the current findings provide an important basis for such investigations. Additionally, 
given that the visual impairment in Experiment 1 was simulated, further studies on the eye 
movement patterns and driving-related task performance of individuals with true visual 
impairment are warranted, as is the case in Experiments 2 and 3. 
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 Experiment 2 
Eye movements and performance of older adults with glaucoma on 
laboratory-based driving-related tasks 
4.1. Introduction 
Glaucoma is a major cause of irreversible visual impairment worldwide (Pascolini & 
Mariotti, 2012) and in Australia (Taylor, et al., 2005). The disease is characterised by loss or 
constriction of the visual field due to progressive optic neuropathy, usually related to elevated 
intraocular pressure that damages the retinal ganglion cells (Sharma, Sample, Zangwill, & 
Schuman, 2008). In the early stages, glaucomatous damage is evident in the paracentral and 
mid-periphery regions of the visual field (Reddy, 2006). Deterioration of central vision can 
also occur, with a gradual loss of contrast sensitivity in the early stages (McKendrick, 
Sampson, Walland, & Badcock, 2007), followed by a reduction in VA with more advanced 
disease (Klein, Wang, Klein, Moss, & Meuer, 1995). Declines in other aspects of visual 
function, such as motion sensitivity (Bullimore, Wood, & Swenson, 1993; Falkenberg & Bex, 
2007; Shabana, Cornilleau Peres, Carkeet, & Chew, 2003) and the UFoV (Bentley, LeBlanc, 
Nicolela, & Chauhan, 2012; Haymes, et al., 2007), have also been reported. 
The reductions in visual function as a result of glaucoma have significant impacts on a range 
of activities of daily living. In particular, glaucoma patients often report problems with 
reading, walking, and adapting to sudden changes in lighting (Friedman, Freeman, Munoz, 
Jampel, & West, 2007; Ramulu, 2009). Individuals with glaucoma have been shown to more 
frequently bump into objects while walking (Friedman, et al., 2007) and have poorer balance 
(Black, et al., 2008; Friedman, et al., 2007) than those without the disease; consequently, 
rates of falls are increased among glaucoma patients (Black, et al., 2011a; Haymes, et al., 
2007; Ivers, Cumming, Mitchell, & Attebo, 1998; Lamoureux et al., 2008). In addition, 
driving difficulties are a common complaint among adults with glaucoma (Adler, Bauer, 
Rottunda, & Kuskowski, 2005; McKean-Cowdin, et al., 2008). As a result, glaucoma patients 
tend to travel away from home less frequently than their visually-normal counterparts 
(Ramulu, et al., 2014), which is likely to reflect their tendency to restrict their driving to 
avoid challenging driving situations such as unfamiliar areas, highways, and at night time 
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(Adler, et al., 2005; Ramulu, et al., 2009), as well as ceasing driving altogether (Ramulu, et 
al., 2014; Ramulu, et al., 2009). 
Despite the fact that many individuals with glaucoma cease or limit their driving (Adler, et 
al., 2005; Ramulu, et al., 2014; Ramulu, et al., 2009), this group of drivers have been reported 
to have elevated crash rates (Haymes, et al., 2007; McGwin, et al., 2005; Ono, et al., 2015) 
and impaired driving performance relative to their visually-normal counterparts (Bowers, et 
al., 2005; Kunimatsu-Sanuki, et al., 2015; Szlyk, et al., 2005). One possible reason for this is 
that their ability to detect traffic hazards is reduced due to their visual field deficits, 
especially hazards emerging from the periphery (Crabb, et al., 2010; Haymes, et al., 2008; 
Kasneci, et al., 2014; Prado Vega, et al., 2013). For example, Haymes et al. (2008) reported 
that older drivers with glaucoma (with average better and worse eye visual field MDs of −1.7 
dB and −6.5 dB respectively) were six times more likely than visually-normal controls to 
have a critical intervention by the driving instructor on the open-road, with the predominant 
reason being failure to detect and give way to pedestrians. In that study, the extent of field 
loss in the worse eye was strongly associated with poorer overall driving performance and the 
number of critical interventions. In a laboratory-based hazard detection study, Crabb et al. 
(2010) reported that some drivers with glaucoma with a range of visual field defect severity 
(average MD of −8 dB in both eyes) failed to detect traffic hazards that were presented in 
areas of their binocular visual field loss, although the authors did not provide details on the 
frequency of such occurrences and the hazard detection performance of the study sample. 
Despite suggestions that the inability to see traffic hazards leads to impaired driving 
performance and safety of older adults with glaucoma (Crabb, et al., 2010; Haymes, et al., 
2008), the hazard detection ability of this group of drivers has yet to be evaluated.  
Exploration of scanning behaviour while performing driving-related tasks would provide 
better insight into the driving and hazard detection ability of older drivers with glaucoma. 
Eye movement patterns have been shown to differ in those with glaucoma compared to 
controls when performing various tasks that are unrelated to driving (Kanjee, Yücel, 
Steinbach, González, & Gupta, 2012; Lamirel, et al., 2014; Mazumdar et al., 2014; Smith, et 
al., 2012). For example, Smith et al. (2012) demonstrated that glaucoma participants with a 
range of visual field defect severity (average MD of −10 dB for both eyes) made fewer 
saccades per second than controls while searching for targets within photographs of everyday 
scenes. Further changes in saccade characteristics among glaucoma patients, such as 
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decreased amplitudes and accuracy (Kanjee, et al., 2012; Lamirel, et al., 2014), as well as 
increased latency (Lamirel, et al., 2014; Mazumdar, et al., 2014) have been found in 
experiments where participants made saccades towards an isolated target against a plain 
background. 
In driving-related studies, eye movement alterations in older adults with glaucoma have also 
been found. Crabb et al. (2010) reported that drivers with glaucoma exhibited more fixations 
and saccades per second than the controls when performing a computer-based hazard 
perception test, which the authors suggested might act as a strategy to compensate for their 
visual field defects. These findings are supported by a recent driving simulator study (Kubler, 
et al., 2015) that reported increased saccade amplitudes and fixation rates among the drivers 
with significant glaucomatous visual field impairments (that did not meet the German visual 
field standards for drivers licencing of  ≥ 120° horizontally and no defects within the central 
30°) who were rated as safe to drive, compared to those rated as unsafe. This finding suggests 
that some drivers may adopt different visual scanning behaviours to effectively compensate 
for their visual field impairment (Kubler, et al., 2015). Conversely, another driving simulator 
study (Prado Vega, et al., 2013) failed to find any differences in eye movement patterns 
between their glaucoma (with average MD of −12 dB for both eyes) and control participants. 
In view of these limited and conflicting findings, further investigations regarding the eye 
movement patterns of drivers with glaucoma while undertaking driving-related tasks are 
warranted. The current experiment therefore explored the eye movement patterns and driving 
performance of older drivers with glaucoma, using two laboratory driving-related tasks, the 
DriveSafe and HPT, which are described in detail in Experiment 1 (Section 3.2.5). 
4.1.1. Study rationale and hypotheses  
In this experiment, the effects of glaucomatous visual impairment on performance on 
laboratory-based driving-related tasks and the associated eye movement patterns were 
investigated. This experiment was undertaken to provide a better understanding of the impact 
of glaucomatous visual impairment on indices of driving safety and performance. Exploring 
eye movement patterns while performing driving-related tasks additionally provides insight 
into how the scanning behaviour and allocation of visual attention in real-world driving 
scenes are affected by glaucomatous field loss. Two groups of older drivers, a group with 
glaucomatous visual field loss and a group of age-matched controls with normal vision, were 
assessed to address the following research questions: 
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A) How does glaucomatous visual impairment affect performance on the DriveSafe and 
HPT among older drivers? 
B) How does glaucomatous visual impairment affect the task-associated eye movement 
patterns among older drivers? 
C) Is there a link between task performance and measures of eye movement patterns 
among older drivers with glaucoma? 
The following hypotheses were developed in relation to the research questions based on the 
relevant literature: 
A) Older drivers with glaucoma will have poorer DriveSafe and HPT performance 
compared to controls.  
B) Older drivers with glaucoma will exhibit smaller saccades, as well alterations in eye 
movement patterns suggestive of reduced visual attention focused on the task-relevant 
areas in the visual scene, including shorter total fixation duration on the DriveSafe road 
users and delayed time to first fixation on the HPT hazards. 
C) Among the older drivers with glaucoma, better task performance will be linked to 
larger saccades and wider horizontal search variance, indicating increased scanning of 
the visual scene. 
4.2. Methods 
4.2.1. Ethical approval 
Ethical clearance was obtained from the QUT Human Research Ethics Committee on March 
2015 (QUT Ethics approval number: 1500000065). This study was conducted in compliance 
with the tenets of the Declaration of Helsinki. Participants were given a full explanation of 
the nature of the study and written informed consent was obtained, with the option to 
withdraw from the study at any time.  
4.2.2. Sample size considerations 
A sample size calculation was performed with G*Power version 3.1 (Kiel, Germany). Using 
hazard response time on the HPT as the main outcome measure, an estimated sample size of 
42 participants per group was needed to produce an effect size of 0.31 and a power of 80% 
for a two-group (controls, glaucoma) study, with a significance level of 0.05. The effect size 
calculations were based on a previous study (Horswill, et al., 2010) that demonstrated that 
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older drivers with previous crash involvements within the past five years had a hazard 
perception latency of 0.3 s compared to the crash-free drivers.  
4.2.3. Participant recruitment 
Two groups of older drivers, one group with glaucomatous visual field defects and one of 
age-matched controls with normal vision were recruited from the QUT Optometry clinic, and 
from the research participant database of the Vision and Driving research group laboratory. 
Prior to recruitment, potential participants were interviewed in person or over the telephone 
to determine their eligibility. Those who satisfied the inclusion criteria were then invited to 
participate. The inclusion criteria were as follows: 
All participants: 
 Age ≥ 55 years old 
 Current drivers, defined as having driven within the last three months 
 Refractive error within −6.00 and +3.00 DS, and < 2.00 DC 
- This was to maximise the amount of data collected by the eye tracker as high 
refractive corrections may affect the integrity of eye tracking data by inducing 
prismatic and distortion effects as determined in pilot studies 
 Absence of any other ocular condition that may affect driving performance 
- This was determined by the clinical optometry records, self-reported ocular history 
obtained from participants, as well as the vision and ocular health screening 
assessment performed as part of the study protocol 
 Absence of any self-reported systemic condition that may affect driving performance, 
such as arthritis, heart disease, and stroke (Anstey, et al., 2005; McGwin, et al., 2000b) 
 No significant cognitive impairment, based on a score of 24 or more on the Mini-Mental 
State Examination (MMSE) screening test (Heun, Papassotiropoulos, & Jennssen, 1998; 
Wood, et al., 2008) 
Glaucoma group only: 
 Clinical diagnosis of glaucoma by an ophthalmologist, and undergoing pharmacological 
treatment or have undergone surgical or laser treatment at the time of recruitment  
 Glaucomatous visual field defect, with worse eye visual field MD of ≤ −4 dB 
- Criterion was based on an open-road driving study by Haymes et al. (2008) in which a 
MD of ≤ −4 dB in the worse eye was the only vision measure that was associated with 
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increased rates of at-fault critical interventions by the driving instructor among drivers 
with glaucoma 
4.2.4. Study instruments 
All tests described in this section were conducted in the Vision and Driving laboratories at 
the QUT Kelvin Grove campus by the PhD student.  
As reviewed in Section 2.3, safe driving requires effective integration of various factors, 
including cognitive and physical functions, in addition to vision (Anstey, Horswill, Wood, & 
Hatherly, 2012; Anstey, et al., 2005; Wood, et al., 2008). Cognitive abilities are important for 
the driver to process information from the driving environment and perform the necessary 
vehicle manoeuvres accordingly, while adequate physical functioning is essential for 
controlling the vehicle. In evaluating indices of driving safety, a multidisciplinary approach is 
important. Thus, a test battery that assessed vision, visual processing, cognitive, and balance 
functions was conducted (Figure 4.1). 
 
Figure 4.1. Assessments for Experiment 2 
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4.2.4.1 Questionnaires 
Participants completed the DHQ as described in Section 3.2.4.1, which collects information 
on five domains of driving: driving exposure, driving space, dependency on other drivers, 
perceived level of driving difficulty, and self-reported crash history (Owsley, et al., 1999). In 
addition, the Australian version of the Medical Outcomes Study Short Form 36-item Health 
Survey Version 2 (SF-36) was administered. The questionnaire is a well-validated tool for 
measuring health perceptions and quality of life, with internal consistency and test-retest 
reliability coefficients of > 0.75 (Brazier et al., 1992; Garratt, Ruta, Abdalla, Buckingham, & 
Russell, 1993), and took about 20 minutes to complete. The questionnaire assessed eight 
domains of health-related quality of life, including four dimensions of functional status 
(physical functioning, social functioning, role limitations due to physical factors, and role 
limitations due to emotional factors), three of wellbeing (mental health, vitality, and bodily 
pain), and an overall perception of health. 
4.2.4.2 Vision and ocular health screening  
Screening of anterior and posterior ocular health was performed using slit lamp 
biomicroscopy and funduscopy. Measurements of VA and contrast sensitivity with 
participants’ habitual driving correction were conducted with the EDTRS chart (Bailey & 
Lovie, 1976) and the Pelli-Robson contrast sensitivity chart (Elliott, et al., 1991) respectively, 
using the same protocol as described in Experiment 1 (Section 3.2.4.2). 
Monocular visual fields 
The SITA-Standard program on the HFA (Section 3.2.4.2) was used to assess visual fields 
monocularly (Bosworth, et al., 2000). While it takes about 50% longer than the SITA-Fast to 
complete, it has higher test sensitivity and lower variability (Bosworth, et al., 2000), and is 
thus typically used in clinical settings for diagnosis and monitoring of glaucoma progression. 
Where visual fields were not testable due to poor vision, which occurred with two 
participants who had only light-perception vision in their worse eye, a MD value of −30 dB 
was assigned for analytical purposes (McKean-Cowdin, et al., 2008). 
Binocular visual fields 
Participants completed the binocular Esterman test (Esterman, 1982), which took 
approximately five minutes to complete. The program tests the visual fields binocularly and 
was developed to be relevant to visual function for daily activities (Esterman, 1982). This 
Experiment 2 
 
 
73 
technique is one of the visual field tests recommended for driver licensing in Australia 
(Austroads, 2016) and the United Kingdom (Driver & Vehicle Licensing Agency, 2016). 
Another approach for quantifying binocular visual fields, the integrated visual field (IVF), 
was also used. The IVF is based upon the raw sensitivity values from the SITA-Standard 24-
2 monocular tests, where the highest sensitivity value of the two eyes for each corresponding 
visual field location is used to generate the IVF (Nelson-Quigg, Cello, & Johnson, 2000). The 
IVF is becoming more commonly used in driving research (Crabb, et al., 2004; Kotecha, 
Spratt, & Viswanathan, 2008; Owen, et al., 2008) and has been suggested to be more 
sensitive than the Binocular Esterman test in determining whether the extent of the visual 
field is appropriate for driving (Crabb, et al., 2004); the IVFs were therefore generated for 
each participant. 
4.2.4.3 Visual processing assessments 
Useful field of view (UFoV) 
The UFoV, as reviewed briefly in Section 2.2.4, has been reported to be strongly linked with 
both driving performance and crash risk (Ball, et al., 1993; Owsley, et al., 1998a; Wood & 
Owsley, 2014). In the current experiment, the commercially available version of the UFoV® 
(version 6.0.8, Visual Awareness Research Group, Punta Gorda, FL) (UFOV User Guide, 
2009) was used to measure visual processing speeds and took approximately 10 minutes to 
complete. The visual stimuli were presented on a computer monitor at a working distance of 
45 to 60 cm, with participants wearing their habitual computer-distance optical correction. If 
the participant did not have their own computer-distance optical correction, an appropriate 
working distance correction was provided in a trial frame. 
There are three subtests of the UFoV® (Figure 4.2) which measures the visual processing 
speed for (1) central vision, (2) divided attention, and (3) selective attention (Bentley, et al., 
2012; Wood & Owsley, 2014). In Subtest 1 (central processing speed), a central target, 
comprising a white outline of either a car or a truck (2.0 × 1.5 cm) is presented inside a 3.5 × 
3.5 cm white box against a black background. Subtest 2 (divided attention) presents the 
central target (car or truck) simultaneously with a peripheral target (a 2.0 × 1.5 cm outline of 
a car), which appears at any one of eight cardinal positions, 11 cm (approximately 12° in 
visual angle) from the centre of the screen. In Subtest 3 (selective attention), the same central 
and peripheral targets are presented, but the peripheral targets are surrounded by an array of 
Experiment 2 
 
 
74 
triangles acting as visual distractors. In all three subtests, participants are required to 
distinguish between the car and truck in the central white box. In Subtests 2 and 3, in addition 
to the central target, participants have to localise the peripheral target by choosing one of the 
eight possible directions where the peripheral target could appear, and to select their 
responses with the computer mouse. The targets are presented for 16.7 to 500.0 ms and the 
visual processing speed for each subtest is determined as the minimum presentation time 
required for 75% correct responses (Bentley, et al., 2012; Wood & Owsley, 2014). 
   
Figure 4.2. Examples of the targets in the commercial version of the UFoV. Left: subtest 1 
with only a central target (car/truck) to identify; middle: subtest 2 with a central target 
(car/truck) to identify and a peripheral target to localise; right: subtest 3 with the central and 
peripheral targets surrounded by triangular visual distractors 
 
Motion sensitivity 
Motion sensitivity is one of the aspects of visual function that has been shown to be impaired 
in glaucoma (Bullimore & Bailey, 1995; Falkenberg & Bex, 2007), potentially due to the role 
that retinal ganglion cells play in motion detection (Nelson, 1995). The importance of motion 
sensitivity in the driving task was briefly reviewed in Section 2.2.4; reduced motion 
sensitivity has been linked to delayed hazard response times (Lacherez, et al., 2014a), night 
time pedestrian detection (Wood, et al., 2014b), and poorer closed-road driving performance 
(Wood, 2002a). 
One method of measuring motion sensitivity is with the dot motion sensitivity test, which has 
been demonstrated to have the strongest correlation with closed- and open-road driving 
performance amongst other aspects of visual function such as VA and contrast sensitivity 
(Wood, 2002a; Wood, et al., 2008). However, the dots in motion sensitivity testing are small 
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in terms of visual angle (approximately 0. 4 minutes of arc) and thus reliant on good VA to 
perform adequately (Lacherez, et al., 2014a). Another approach of assessing motion 
sensitivity testing is by using a drifting Gabor patch, which uses low-frequency sinusoidal 
gratings, and is therefore more robust to reductions in VA. Furthermore, there is recent 
evidence that Gabor motion sensitivity may be a better predictor of hazard perception 
performance than dot motion sensitivity, after taking other vision measures such as VA and 
contrast sensitivity into account (Lacherez, et al., 2014a). Given the strong associations that 
the dot motion sensitivity and Gabor motion sensitivity tests have been reported to have with 
driving performance and hazard perception respectively, both tests were included in the 
current experiment. These two tests took approximately ten minutes to complete. 
Dot motion sensitivity 
A random-dot kinematogram was presented on a computer monitor at a viewing distance of 3 
m, subtending a visual angle of 5.1° × 5.1° (Figure 4.3). Participants wore their habitual 
driving correction. Each dot subtended a visual angle of 0.4 minutes of arc spaced at a 
density 0.43%. Within a central square patch of 4.1° × 4.1°, a subset of the dots moved in one 
of four directions (up, down, left, or right) in four discrete steps within a presentation 
duration of 1 s. Using a forced-choice method, participants verbally reported which of the 
four directions the central dots were perceived to be moving. The program used a two-down 
one-up staircase method to vary the extent of the movement displacement, and eight reversals 
to determine the dot motion sensitivity threshold recorded in log degrees of arc. The final dot 
motion sensitivity threshold value was the average of the last six reversals (Lacherez, et al., 
2014a; Wood, et al., 2014b). 
 
Figure 4.3. Dot motion sensitivity. Left: an example image of the random-dot kinematogram 
used for dot motion sensitivity testing; right: the dots within a central square patch 
(delineated in this figure by a red dotted line) moved in one of four possible directions 
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Gabor motion sensitivity 
A Gabor patch consisting of vertical sinusoidal gratings with a spatial frequency of 5 cycles 
per degree was presented on a computer monitor (Figure 4.4). Participants viewed the 
monitor from a distance of 3 m, wearing their habitual driving correction. The Gabor patch 
drifted along the horizontal plane, and participants were required to verbally report whether 
the patch appeared to be drifting towards the left or the right. The drift rate of the Gabor 
patch varied with a two-down one-up staircase method with eight reversals to determine the 
Gabor motion sensitivity threshold (Hz). The threshold was the average of the last six 
reversals (Lacherez, et al., 2014a). 
 
Figure 4.4. Drifting Gabor patch. Sinusoidal gratings drifted either towards the left or right 
 
4.2.4.4 Cognitive and physical assessments 
Participants’ cognition function was assessed using measurements of reaction time, executive 
function, and a MMSE screening test; physical function was assessed by a measure of 
postural sway. 
Reaction time 
Rapid reaction times allow drivers to respond sufficiently quickly to road situations to avoid 
collisions, and have been shown to be strongly associated with driving performance 
(Odenheimer, et al., 1994; Wood, et al., 2008) and crash risk (Stutts, et al., 1998). Two 
reaction time tests were conducted in this experiment: simple reaction time and the colour-
choice reaction time (CCRT). 
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Simple reaction time 
Simple reaction times were recorded with a reaction timer, where participant’s responded to 
the onset of a red light target by a mouse click with the dominant hand (Figure 4.5). At least 
five practice trials were provided to participants, with more if needed. Thereafter, the average 
time of ten test trials excluding outliers (> 2 standard deviations from the mean) was recorded 
as the simple reaction time (ms). 
 
Figure 4.5. Simple reaction time measurement 
 
Colour-choice reaction time (CCRT) 
The CCRT test is an inhibition choice reaction time task (Wood, et al., 2008), in which the 
stimuli were presented in one of four quadrants of a computer screen (Figure 4.6). 
Participants were instructed to respond to the target (a red car) as soon as it appeared and 
according to the target location. Targets appearing in the top left quadrant required a response 
with the left hand button, targets in the top right quadrant required a response with the right 
hand button, and those in the bottom left and bottom right quadrants required the participant 
to press a left or right foot pedal respectively. A response inhibition (no response) was 
required when a blue car appeared, which occurred for 15 of the 60 trials. Reaction time was 
recorded for correct responses to the red car, and the average of these was calculated as the 
CCRT (ms). 
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Figure 4.6. Colour-choice reaction time. Left: a red car appears on the top right-hand 
quadrant, where a response by pressing the right-hand button was required; right: a blur car 
appears for response inhibition measurement, where no response should be made 
 
Executive function 
Executive function describes the ability to plan and execute actions according to the task and 
information gathered, while ignoring irrelevant information (Diamond, 2013). During the 
driving task, executive function is necessary for integrating visual information derived from 
the driving scene, planning and deciding upon an appropriate response. In the current 
experiment, the trail making test (TMT) was used to evaluate executive function (Strauss, 
Sherman, & Spreen, 2006).  
Computerised TMT 
The TMT is a widely-used cognitive test and has been shown to be linked to crash risk 
(Stutts, et al., 1998). A computerised version of the test was developed using Matlab (version 
R2014b, MathWorks, Natick, MA), in which each test set had a total of 19 circles distributed 
over the computer screen, spanning a visual angle of 37.1° × 21.2° (Figure 4.7). In Part A of 
the test, the circles contained numbers 1 to 19 and participants were required to connect these 
numbers with the computer mouse in ascending order as quickly as possible without making 
mistakes. Part B contains a combination of numbers (1 to 10) and letters (A to I) which 
participants connected in ascending order but alternating between letters and numbers 
(1−A−2−B etc.). Performance on the test was recorded as the time taken to finish connecting 
all the circles correctly (Giovagnoli et al., 1996) and was digitally measured with Matlab 
from the first presentation of the targets to the final mouse click. 
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Figure 4.7. Screenshot and dimensions of the computerised TMT A 
 
Participants were seated in front of the computer monitor at a working distance of 64 cm and 
instructed to connect the targets by using the mouse to click on them in ascending order as 
quickly as possible without making mistakes. Every time a mistake was made, i.e. when they 
clicked the wrong target, they received auditory feedback (a soft beep sound), and 
participants were informed to carry on searching for the next correct target (which would 
inherently increase their completion time). A short demonstration consisting of five targets 
was given prior to starting the test to ensure that participants understood the task. 
Mini-mental state examination (MMSE) 
The MMSE (Folstein, Folstein, & McHugh, 1975) was used to screen the cognitive status of 
participants to ensure that they met the inclusion criteria as stated in Section 4.2.3. The 
MMSE is commonly used in health research and provides a quick and simple method of 
screening cognitive status (Cumming, Churilov, Linden, & Bernhardt, 2013; Dahlke, Curtis, 
Federman, & Wolf, 2014; Mackinnon & Mulligan, 1998). It consists of 11 questions which 
examine the abilities of orientation, memory, attention, language, and to follow simple 
commands. Scores range from 0 to 30, with higher scores indicating better performance, and 
a score below 24 suggests cognitive difficulties; none of the participants scored below this 
cut off value. 
Postural Sway 
Postural sway was assessed during quiet stance with a Balance Trainer BTG4 (HUR Labs, 
Finland). Participants were instructed to stand comfortably on the balance platform, bare-
foot, with their feet approximately shoulder-width apart and their arms relaxed by their sides, 
and to remain quiet and as still as possible during the 30 s of each trial. The examiner 
remained close to the participant to provide assistance if necessary. 
 
37.14° 
21.24° 
1 0.81° 
0.09° 
(Equivalent to 5.6 
cycles per degree) 
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Four measures of postural sway were taken: (1) eyes open on a firm surface, (2) eyes closed 
on a firm surface, (3) eyes open on a foam surface, and (4) eyes closed on a foam surface. 
During the eyes open condition, participants were instructed to gaze straight ahead at a highly 
visible letter on a vision chart approximately 5 m in front (equivalent to a 6/36 size letter on a 
Snellen chart). The firm surface was the standing board, and the foam surface was a high-
density foam rubber (length, width, and height 40 × 40 × 15 cm), which reduces the 
somatosensory input for balance. The outcome measure was the sway path length (ms), 
which is the total length of excursions of the participant’s weight on the platform from its 
original position, larger values indicating higher amounts of postural sway. Three participants 
(two in the glaucoma group and one control) did not complete the testing due to poor balance 
and safety concerns, and a value equivalent to two standard deviations above the group mean 
(indicating poor performance) was used for analysis. 
4.2.5. Study design and procedure 
This was a case-control study which compared the eye movement patterns and performance 
on laboratory-based driving-related tasks of drivers with glaucomatous visual field loss with 
visually-normal controls. After completing the questionnaires, participants underwent the 
ocular health screening, and assessment of their vision function, visual processing, as well as 
cognitive and physical functions (Figure 4.1). The DriveSafe and HPT were then completed 
as described in Experiment 1 (Section 3.2.5). In brief, the DriveSafe presents 11 images of 
real-world driving scenes that contain a variety of road users. Each image was presented for 3 
s, after which participants reported details of the road users in the scenes; the number of 
correctly reported features was recorded as the DriveSafe score. The HPT measures response 
time to hazards appearing in a series of real-world traffic video clips, as viewed from a 
driver’s perspective. Each participant completed 20 video clips, which contained a variety of 
hazard types, including pedestrians, cyclists, and other vehicles. All tests were performed 
with participants’ habitual driving corrections, with the addition of a working distance 
correction where appropriate. While performing the DriveSafe and HPT, participants’ eyes 
were recorded with the Tobii TX300 eye tracking system (described in Experiment 1; 
Section 3.2.6), which is a desk-mounted infrared system that tracks the eyes remotely at a 
sampling rate of 300 Hz. Eye movement outcome measures included the number of fixations 
per second, average fixation duration, average saccade amplitude, and the horizontal and 
vertical search variances. Task-specific eye movement measures included the total fixation 
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duration on the road users for the DriveSafe, as well as first fixation on hazards and fixation 
duration on hazards before response for the HPT. 
4.2.6. Statistical analysis 
Statistical analyses were performed using SPSS version 21.0 (SPSS, Chicago, IL), with the 
level of significance set at p < 0.05. The main effects of group (glaucoma vs. controls) on 
task performance and eye movement patterns were examined. To account for missing data, 
the data were analysed with linear mixed-effects models (Field, 2009), with maximum 
likelihood estimation and random intercepts for participants. 
To examine the effect of the severity of glaucomatous visual impairment on task 
performance, the glaucoma participants were assigned into subgroups based on their worse 
eye visual field, graded according to the Glaucoma Staging System (GSS), which is a 
modified version of the Bascom Palmer system (Mills et al., 2006). The GSS has been used 
in previous driving (Ono, et al., 2015; Yuki, Asaoka, & Tsubota, 2014) and non-driving 
studies (Chan et al., 2013; Crabb, Smith, & Zhu, 2014; Yuki et al., 2013), and is based 
primarily on the monocular visual field MD, with additional criteria based on the pattern 
standard deviation plot, glaucoma hemifield test results, and defects within the central 5° of 
the visual field. It comprises six stages: Stage 0 represents normal visual fields with no to 
minimal defect, Stages 1 to 5 indicate early (MD ≥ −6.00 dB), moderate (−6.01 to −12.00 
dB), advanced (−12.01 to −20.00 dB), severe (<−20.00 dB), and end-stage (unable to assess 
visual fields) glaucomatous impairments respectively. As there were too few participants in 
some of the GSS categories to enable appropriate analyses (with only two participants each in 
stages 4 and 5), the glaucoma participants were categorised into two subgroups: “early to 
moderate impairment” (GSS stages 1 to 2 in the worse eye) and “more advanced impairment” 
(GSS stages 3 to 5 in the worse eye). The worse eye was used in the present study, as studies 
have reported that worse eye MD is more strongly associated with on-road driving 
performance (Haymes, et al., 2008) and crash rates (Haymes, et al., 2007; McGwin, et al., 
2005; Ono, et al., 2015) compared to better eye and binocular fields. The subgroups (control, 
glaucoma with early to moderate impairments, and glaucoma with more advanced 
impairments) were entered as a categorical factor in the linear mixed-effects model, with task 
performance as the dependant variable.  
In addition to analysing the categorical severity of glaucomatous visual impairment on task 
performance, exploratory analyses of potential predictors of task performance were 
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conducted. Each vision measure, as well as each cognitive and physical function measure, 
was separately entered as a predictor for task performance in separate models, correcting for 
age as a possible confounder. Given that this was an exploratory study, adjustments were not 
made for multiple comparisons. The main effects of eye movements on task performance 
were explored by including the eye movement measures as covariates in the analyses, and 
interaction effects between group and the various eye movement measures on performance 
were examined. Where interactions were significant, the simple effects were examined.  
To ensure that the analyses were not affected by recordings with poor eye tracking data, 
recordings that had less than 50% of eye tracking data were excluded from the analyses, 
consistent with similar eye tracking studies (Crabb, et al., 2010; Gonzalez-Gomez, et al., 
2013; Nuske, et al., 2014; Van Viersen, et al., 2013). Based on this criterion, none of the 
participants were excluded from the DriveSafe analysis, but one participant in the glaucoma 
group was excluded from the HPT analysis due to extensive data loss (only four out of 20 
video clips could be analysed). 
Fifty-six participants completed the DriveSafe, which yielded a total of 616 images (56 
participants × 11 images). Fifteen images (2.4%) were excluded from the analysis due to poor 
eye tracking. Of those that were analysed, the mean eye tracking data recorded was 95.2% 
(SD: 8.6%), and each participant had a mean of 10.1 images (SD: 0.8) out of 11 to analyse. 
For the HPT, 55 participants completed the test, totalling 1100 individual videos (55 
participants × 20 videos clips); of these, 67 were excluded (5.5%). The remaining recordings 
had a mean of 87.6% (SD: 10.8%) of eye tracking included in the analysis, and each 
participant had on average 18.8 video clips (SD: 2.3) out of 20 to analyse. 
4.3. Results 
In total, a sample of 31 drivers with glaucoma and 25 controls were included in the study. 
While the sample size did not reach the estimated 42 participants per group, this target was 
not achievable within the study period due to the strict inclusion criteria. There was no group 
difference in age, gender or driving habits, including years of experience, exposure, 
perceived difficulty scores, and crash history (Table 4.1). The glaucoma group had 
significantly lower scores on the SF-36 bodily pain (worse quality-of-life) compared to the 
controls (p = 0.008), but not on the other indices of health-related quality-of-life. 
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Table 4.1. Age, gender, and driving status of study sample  
  Controls (n = 25) Glaucoma (n = 31) p-valuea 
Age (years) 71.1 ± 6.6 71.9 ± 6.6 0.63 
Gender: male (n, %) 15 (40.0%) 19 (40.6%) 0.96 
Driving status     
Driving experience (years) 51.2 ± 9.4 52.8 ± 7.2 0.46 
Self-rating of driving ability (n, %)    
● Good to Excellent 20 (80.0%) 19 (59.4%) 
0.10 
● Fair to average 5 (20.0%) 13 (40.6%) 
Days driven per week 5.0 ± 2.0 5.3 ± 1.9 0.59 
Weekly mileage (km) 127.1 ± 124.9 295.1 ± 630.7 0.20 
Perceived driving difficulty scoreb 40.5 ± 6.7 38.2 ± 7.5 0.23 
Number of drivers with a history of one or more crashes (n, %) 
● In last 12 months 1 (4.0%) 2 (6.5%) 0.69 
● In last 5 years 8 (32.0%) 8 (25.8%) 0.61 
General health-related quality-of-life: SF-36 raw scoresc 
Perception of general health 71.5 ± 16.7 70.6 ± 20.8 0.88 
Physical function 82.3 ± 16.7 80.6 ± 22.4 0.69 
Role limitation due to physical health 82.3 ± 18.9 74.8 ± 23.5 0.23 
Role limitation due to emotional 
problems 
89.6 ± 19.3 85.1 ± 21.2 0.60 
Vitality 66.1 ± 16.1 65.0 ± 16.7 0.78 
Social functioning 51.0 ± 14.2 51.6 ± 6.1 0.89 
Bodily pain 85.4 ± 14.2 71.6 ± 22.8 0.008** 
Continuous variables presented as mean ± standard deviation. a Between-group differences 
analysed using Independent Samples t-test for continuous variables, and chi-square test for 
categorical variables (gender, self-rating of driving ability, and crash histories); b Range from 
9 to 45, lower scores represent higher perceived difficulty; c Range from 0 to 100, lower 
scores represent lower quality of health. *p<0.05; **p<0.01 
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The visual function, visual processing, as well as the cognitive and physical function 
measures of the study sample are shown in Table 4.2. Out of the 31 participants in the 
glaucoma group, 16 (52%) had early to moderate impairments according to the GSS grading 
in the worse eye, while 15 (48%) had more advanced impairments. As a whole, the glaucoma 
group had significantly worse binocular contrast sensitivity, visual fields, UFoV, and dot 
motion sensitivity than the controls. In addition, the glaucoma group had slightly poorer 
Gabor motion sensitivity than the controls, although this difference did not reach statistical 
significance. Simple reaction time and TMT completion times were also significantly longer 
for the glaucoma group. Conversely, habitual binocular VA, CCRT, postural sway, and 
MMSE scores did not significantly differ between groups. 
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Table 4.2. Visual, cognitive, and physical characteristics of study sample 
 Controls (n = 25) Glaucoma (n = 31) p-valuea 
Visual function             
Central vision       
 Binocular habitual driving VA 
(logMAR) 
−0.08 ± 0.07 −0.04 ± 0.11 0.21 
 Binocular contrast sensitivity 
(logCS) 
1.94 ± 0.02 1.78 ± 0.23 < 0.001** 
Visual fields            
 Better eye MD −0.25 ± 1.17 −3.08 ± 3.17 < 0.001** 
 Worse eye MD −0.87 ± 1.15 −12.43 ± 6.78 < 0.001** 
 Integrated visual fields 29.4 ± 1.27 25.67 ± 2.84 < 0.001** 
 Binocular Esterman 99.2 ± 1.58 95.75 ± 5.63 0.002** 
Visual processing and visual search            
UFoV (Processing speeds; ms)            
 Subtest 1: Central processing 17.6 ± 3.6 32.8 ± 40.1 0.042* 
 Subtest 2: Divided attention 71.8 ± 67.4 152.7 ± 128.1 0.004** 
 Subtest 3: Selective attention 251.2 ± 69.9 350.4 ± 150.7 0.002** 
Motion sensitivity            
 Dot motion (log degree arc) −1.90 ± 0.10 −1.74 ± 0.21 0.001** 
 Drifting Gabor (Hz) 0.08 ± 0.05 0.12 ± 0.09 0.07 
Cognitive and physical functions            
Reaction time (ms)            
 Simple reaction time 229.3 ± 27.3 253.8 ± 42.7 0.019* 
 CCRT 874.1 ± 151.2 881.4 ± 112.8 0.84 
Executive function       
 TMT A completion time (s) 46.0 ± 14.0 59.4 ± 17.2 0.003** 
 TMT B completion time (s) 58.5 ± 17.3 78.0 ± 39.2 0.017* 
MMSE score (max 30)b 28.7 ± 1.2 28.1 ± 1.8 0.14 
Postural sway (path length; mm)            
 Eyes open, firm 352.9 ± 112.8 372.7 ± 187.0 0.62 
 Eyes closed, firm 562.6 ± 303.7 600.5 ± 567.4 0.76 
 Eyes open, foam 645.3 ± 180.7 751.7 ± 313.7 0.14 
 Eyes closed, foam   1395.2 ± 471.5 1462.1 ± 548.0 0.63 
Continuous variables presented as mean ± standard deviation. a Between-group differences 
analysed using Independent Samples t-test; b higher values represent better scores. *p<0.05; 
**p<0.01 
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4.3.1. Group differences in task performance 
The driving-related task performance measures of both groups are presented in Figure 4.8 
and Table 4.3. On average, the DriveSafe score of the glaucoma group was 4.4 points lower 
(3%) than the controls. While this difference was statistically significant (F1,56 = 4.5, p = 
0.039), the group difference was relatively small, with the scores of most participants being 
above the recommended pass/fail cut-off score of 95 out of 128, as defined by the developers 
of the test (Kay, et al., 2009). Only one participant in the glaucoma group performed below 
this threshold with a score of 92. Analyses comparing differences between the controls and 
the two glaucoma subgroups reveal a trend towards poorer DriveSafe scores in the more 
advanced glaucoma subgroup compared to the controls; however, this failed to reach 
statistical significance (F2,57 = 2.8, p = 0.07). 
 
   
 
Figure 4.8. DriveSafe scores (left) and hazard response times (right). *p<0.05; **p<0.01 
 
 
*
**
*
*
Glaucomatous visual field impairment: GSS grading in the worse eye 
 Early to moderate impairment       More advanced impairment 
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Table 4.3. Task performance of study sample 
 Controls (n = 25) Glaucoma (n = 31) p-value 
DriveSafe score (max 128) 113.1 ± 5.4 108.7 ± 7.5 0.039* 
Hazard perception test     
● Hazard response time (s) 8.9 ± 0.9 9.3 ± 0.9 0.001** 
● Hazards detected (out of 20) 18.4 ± 2.7 18.0 ± 2.4 0.67 
Presented as mean ± standard deviation. *p<0.05; **p<0.01 
 
Hazard response time was delayed in the glaucoma group by 0.42 s (F1,55 = 13.4, p = 0.001) 
relative to the controls, although the number of hazards detected did not significantly differ 
between groups. Analyses comparing the controls and two glaucoma subgroups additionally 
revealed a significant effect of subgroups (F1,55 = 6.7, p = 0.002). Both subgroups of 
glaucoma participants had significantly more delayed hazard response times than the 
controls, with a delay in response time of 4.3 s in the early to moderate impairment subgroup 
(p = 0.002) and 4.0 s in the more advanced subgroup (p = 0.007) compared to the controls. 
There was no significant difference in hazard response time between the two glaucoma 
subgroups, neither did the number of hazards detected differ between the controls and two 
glaucoma subgroups (p > 0.05). 
4.3.2. Group differences in eye movement patterns 
Table 4.4 shows the measures of eye movement patterns of the study sample while 
performing the DriveSafe. During the test, there was a significant main effect of group on 
saccade amplitude and total fixation duration on road users, which were reduced in the 
glaucoma group by 0.40° (F1,46 = 5.4, p = 0.025) and 0.28 s (F1,56 = 4.5, p = 0.039) 
respectively relative to the controls. A depiction of the fixation patterns of three typical 
control participants and three glaucoma participants is presented in Figure 4.9, where the 
glaucoma participants exhibited fewer fixations on the road users, and missed some road 
users completely (thus decreased total fixation duration on road users), compared to the 
control participants. 
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Table 4.4. Eye movement patterns while performing the DriveSafe 
 
  
Controls (n = 25) Glaucoma (n = 31) p-value 
Fixations per second 2.37 ± 0.55 2.39 ± 0.60 0.81 
Average fixation duration (s) 0.41 ± 0.13 0.40 ± 0.13 0.47 
Average saccade amplitude (°) 7.2 ± 1.9 6.8 ± 1.9 0.025* 
Horizontal search variance (°) 86.8 ± 1.5 86.6 ± 2.5 0.28 
Vertical search variance (°) 36.8 ± 25.7 41.9 ± 27.2 0.14 
Total fixation duration on road 
users (s) 
2.17 ± 0.44 1.71 ± 0.70 0.039* 
Presented as mean ± standard deviation. *p<0.05; **p<0.01 
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Figure 4.9. Eye movement patterns on a DriveSafe image of three typical control participants (top) and three typical glaucoma participants 
(bottom) with the corresponding pattern deviation plots of their 24-2 SITA-standard monocular fields. Circles represent fixations, with larger 
circles indicating longer fixation durations, the numbers within the circles indicate the fixation sequence, and lines connecting fixations 
represent saccades. The road users are indicated by the yellow arrows
Controls: 
Left MD = −2.57 dB      Right MD = −4.4 dB Left MD = −6.54 dB     Right MD = −8.4 dB Left MD = −1.45 dB     Right MD = −5.4 dB 
Glaucoma: 
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Table 4.5 presents the eye movement characteristics for the two participant groups while 
performing the HPT. Saccades amplitudes of the glaucoma group were smaller than the 
controls by 0.35° (F1, 56 = 7.1, p = 0.010). Additionally, the glaucoma group had a 0.30 s 
delay in time to first fixation on the hazards relative to the controls (F1, 45 = 22.4, p < 0.001). 
There was no other main effect of group on eye movement measures for either the DriveSafe 
or HPT (p > 0.05). 
 
Table 4.5. Eye movement patterns while performing the HPT 
  Controls (n = 25) Glaucoma (n = 30) p-valuea 
Fixations per second 1.71 ± 0.62 1.86 ± 0.61 0.14 
Average fixation duration (s) 0.67 ± 0.38 0.60 ± 0.40 0.23 
Average saccade amplitude (°) 4.4 ± 1.4 4.1 ± 1.3 0.010* 
Horizontal search variance (°) 80.5 ± 10.5 79.3 ± 11.6 0.18 
Vertical search variance (°) 34.4 ± 21.3 40.2 ± 21.2 0.23 
Time to first fixation on 
hazards (s) 
6.31 ± 0.82 6.60 ± 0.99 < 0.001** 
Fixation duration on hazards 
before response (s) 
0.18 ± 0.13 0.20 ± 0.15 0.20 
Presented as mean ± standard deviation. *p<0.05; **p<0.01 
 
4.3.3. Predictors of task performance 
Vision predictors 
Across both groups of drivers, lower DriveSafe scores were most strongly associated with 
reduced contrast sensitivity. Other significant vision predictors of DriveSafe scores included 
worse eye MD, IVF, visual processing speeds on the UFoV subtests 2 and 3, as well as Gabor 
motion sensitivity (Table 4.6). 
On the HPT, more delayed response time was most strongly associated with reduced Gabor 
motion sensitivity for all participants. In addition, worse eye MD, visual processing speeds 
on the UFoV subtests 2 and 3, and dot motion sensitivity were significantly associated with 
hazard response time. Contrast sensitivity and IVF, on the other hand, were not significantly 
linked with hazard response time (Table 4.6). 
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When the glaucoma group was considered alone, none of the vision measures were 
significantly linked with DriveSafe scores, while only dot motion sensitivity and Gabor 
motion sensitivity remained significantly associated with hazard response time (p = 0.045 and 
p = 0.027 respectively). 
 
Table 4.6. Age-adjusted associations between vision measures and task performance across 
the two participant groups 
 DriveSafe HPT 
Central vision               
● Binocular habitual VA F1, 55 = 4.1 , p = 0.048 F1, 55 = 0.6 , p = 0.45 
● Binocular contrast sensitivity F1, 57 = 11.0 , p = 0.002** F1, 55 = 2.1 , p = 0.15 
Visual fields                    
● Better eye MD F1, 55 = 3.6 , p = 0.06 F1, 54 = 0.1 , p = 0.78 
● Worse eye MD F1, 59 = 8.6 , p = 0.005** F1, 55 = 6.1 , p = 0.017* 
● Integrated visual fields F1, 55 = 8.1 , p = 0.006** F1, 54 = 2.8 , p = 0.10 
● Binocular Esterman F1, 56 = 2.2 , p = 0.15 F1, 54 = 1.2 , p = 0.29 
UFoV (Visual processing speeds)                    
● Subtest 1: Central processing F1, 55 = 0.3 , p = 0.59 F1, 54 = 0.6 , p = 0.43 
● Subtest 2: Divided attention F1, 54 = 9.7 , p = 0.003** F1, 53 = 9.9 , p = 0.003** 
● Subtest 3: Selective attention F1, 55 = 6.1 , p = 0.017* F1, 54 = 5.2 , p = 0.027* 
Motion sensitivity                    
● Dot motion F1, 54 = 2.6 , p = 0.114 F1, 53 = 9.2 , p = 0.004**† 
● Drifting Gabor patch F1, 55 = 4.2 , p = 0.049*  53 = 13.8 , p < 0.001**† 
Significant vision predictor of task performance across both groups (*p<0.05; **p<0.01); 
†Significant vision predictor of task performance in the glaucoma group (p<0.05) 
 
Cognitive and physical predictors  
Age-adjusted analyses revealed that the strongest cognitive function predictor of DriveSafe 
score was simple reaction time (F1, 53 = 9.2, p = 0.004), followed by the TMT B (F1, 54 = 9.0, 
p = 0.004) and TMT A (F1, 56 = 6.0, p = 0.018). Similar associations were noted between 
hazard response time and simple reaction time (F1, 52 = 6.3, p = 0.016), TMT B (F1, 53 = 17.3, 
p < 0.001), and TMT A (F1, 55 = 8.6, p = 0.005). There was a trend towards a positive 
association between hazard response time and CCRT, but this failed to reach statistical 
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significance (p = 0.051). None of the postural sway measures showed a significant 
relationship with either DriveSafe scores or hazard response times. 
4.3.4. Associations between eye movement patterns and task performance 
Across both groups of participants, better DriveSafe scores were significantly associated with 
fewer fixations per second (F1, 550 = 7.8, p = 0.005), longer average fixation duration (F1, 565 = 
9.1, p = 0.003), larger saccade amplitudes (F1, 582 = 9.9, p = 0.002), wider horizontal search 
variance (F1, 594 = 6.5, p = 0.011), and longer fixation duration on road users (F1, 574 = 26.1, p 
< 0.001). There was no significant group × eye movement interaction effect on the DriveSafe 
scores (p > 0.05). 
Across all participants, faster first fixations on the HPT hazards (F1, 990 = 64.5, p < 0.001) and 
shorter fixation duration on hazards before response (F1, 978 = 34.6, p < 0.001) were 
significantly linked with faster hazard response times. There was no main effect of saccade 
amplitude on hazard response time, but there was a group × saccade amplitude interaction 
effect (F1, 1008 = 9.0, p = 0.003). In the simple effects models, larger saccade amplitudes were 
associated with faster responses in the glaucoma group (F1, 546 = 8.355, p = 0.004), but not for 
controls (F1, 463 = 1.7, p = 0.19). To ensure that this association was not driven by vision 
measures that could influence both the saccade amplitudes and hazard response time, 
additional analyses were conducted to correct for visual fields, UFoV, and motion sensitivity 
in separate models (as these were the significant vision predictors of hazard response time). 
The association between saccade amplitude and hazard response time remained significant 
after these adjustments. No other main effect of eye movements and interaction with group 
was found on the hazard response time. 
4.4. Discussion 
This study investigated the performance of older drivers with glaucoma on laboratory-based 
driving-related tasks and the associated eye movement patterns in comparison to age-matched 
controls with normal vision. As hypothesised, the glaucoma group exhibited poorer 
performance on the driving-related tasks than the controls. In addition, differences in eye 
movement patterns were evident between the two groups. This section discusses the findings 
of Experiment 2 and the implications of these findings on real-world driving and visual 
search behaviour. 
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4.4.1. Glaucoma and task performance 
Compared to the controls, the glaucoma group had worse DriveSafe and HPT performance, 
which have been linked to reduced fitness-to-drive (Kay, et al., 2012; Kay, et al., 2009) and 
increased crash involvement (Horswill, et al., 2010) respectively. These findings indicate that 
the ability to detect road users and hazards are decreased in older drivers with glaucoma, 
which may be one of the reasons underlying their impaired on-road driving performance 
(Bowers, et al., 2005; Haymes, et al., 2008; Kasneci, et al., 2014; Wood, et al., 2016) and 
higher crash rates (Kwon, et al., 2016) compared to those with normal vision. 
On the DriveSafe, the glaucoma participants as a group, had significantly poorer scores than 
the controls, although the difference was only 3%. In spite of their relatively poorer scores, 
most of the participants with glaucoma would pass the DriveSafe test for fitness-to-drive 
according to the cut-off set by the developers (Kay, et al., 2009). This may suggest that even 
though the glaucoma group did not perform as well on this test as the controls, their level of 
performance might not be reduced to an extent where they would be considered unfit to 
drive. However, caution should be taken in extrapolating DriveSafe performance onto actual 
driving safety, given that the DriveSafe is a novel assessment with limited research to support 
its validity. Interestingly, when the study sample was categorised into three groups (control 
group and the two glaucoma subgroups), group difference in DriveSafe scores failed to reach 
statistical significance. This may be due to the small between-group effect size on the 
DriveSafe score, in addition to the relatively small sample size in the glaucoma subgroups, 
which may have reduced statistical significance for this analysis. 
On the HPT, even though both the glaucoma and controls groups detected equal numbers of 
hazards on average, the glaucoma group as a whole had a 0.42 s delay in hazard response 
time, which equates to a 7.0 m increase in stopping distance for a vehicle travelling at 60 
km/h. In addition, both subgroups of glaucoma participants (with early to moderate field 
impairments and more advanced impairments) had significantly longer hazard response time 
on the HPT than the controls. Failure to detect traffic hazards has been suggested to underlie 
the decreased driving performance of older adults with glaucoma (Crabb, et al., 2010; 
Haymes, et al., 2008). In a study of over 270 drivers, Horswill et al. (2010) identified that 
older drivers who self-reported a crash had a 0.3 s increase in response times compared to 
those who did not. In the current study, an even greater delay in hazard response time was 
found for the glaucoma group relative to the controls, and this delay in hazard response time 
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may result in collisions or near misses in-traffic. This is the first study to provide evidence of 
a delayed hazard response time among older drivers with glaucoma, which is suggestive of 
impaired hazard detection ability. 
4.4.2. Glaucoma and eye movement patterns 
As hypothesised, saccade amplitudes were reduced in the glaucoma group relative to the 
controls while performing both the DriveSafe and HPT. The likely reason for the reduction in 
saccade amplitudes with glaucoma may be due to “saccadic inhibition” (Vargas-Martin & 
Peli, 2006), where the lower sensitivity in the peripheral visual field resulted in reduced 
awareness of peripheral targets, as was suggested in studies on non-glaucomatous peripheral 
field defects (Cornelissen, et al., 2005; Vargas-Martin & Peli, 2006). This finding is in 
agreement with Lamirel et al. (2014), who demonstrated that saccadic accuracy is reduced 
among glaucoma patients, often making saccades that were not large enough in amplitude to 
reach the predefined static and dynamic saccadic targets. In contrast, other studies have failed 
to find significant reductions in saccade amplitudes among adults with glaucoma while 
performing the HPT (Crabb, et al., 2010), and a visual search task (Smith, et al., 2012), 
although an insignificant trend towards smaller saccades amongst glaucoma patients relative 
to the controls was noted in those studies. However, in the Crabb et al. study (2010), only a 
relatively small sample of drivers was tested which may have been insufficient to reveal 
significant group differences. In another recent study, Dive et al. (2016) similarly did not 
observe a difference in saccade amplitudes between their small sample of glaucoma patients 
(n = 12) and controls (n = 13) during a sandwich-making and model-building task. However, 
the glaucoma participants in that study were younger than the controls (mean age: glaucoma 
group: 64 ± 14 years vs. controls: 73 ± 6 years), and the age difference may have masked the 
true effects of glaucoma on saccade amplitude. Nevertheless, given the conflicting reports, 
further studies are necessary to better understand the effect of glaucoma on saccade 
amplitude. 
There were significant group differences in the gaze behaviour on the DriveSafe road users 
and HPT hazards. During the DriveSafe, the glaucoma group fixated on the road users for 
about 0.5 s (23%) less time than did the controls. This reduction in fixation duration on 
DriveSafe road users suggests reduced visual attention focussed on the road users (Hodgson 
& Muller, 1999), reflects the glaucoma group’s impaired DriveSafe performance. It might be 
expected that because of their visual deficits, the older drivers with glaucoma would fixate on 
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the road users for longer, in an attempt to process more visual information on the road users, 
but the current finding suggests otherwise. This is possibly because the drivers with 
glaucoma had more difficulty identifying which were the relevant targets in the driving scene 
within the short presentation time available. 
For the HPT, time to first fixation on hazards was delayed in the glaucoma group relative to 
the controls. Among the drivers with glaucoma, some of the hazards may have appeared in 
the areas of their visual field loss. In such instances, a saccade may not have been initiated 
towards the hazard due to the lack of a visual stimulus, and the hazard may only have been 
noticed once it appeared in the non-impaired areas of the visual field. This suggestion is in 
accord with the HPT study by Crabb et al. (2010), who noted that some glaucoma patients 
missed hazards that appeared from within areas of visual field loss. The eye movement 
findings in the present study are therefore the first to provide evidence that a likely reason for 
impaired hazard detection ability of older drivers with glaucoma is delayed detection of road 
hazards. Interestingly, there was no group difference in fixation duration on the hazard before 
response. This is likely to be because once a hazard has been fixated upon, central vision is 
more important for the observer to judge whether it actually is a hazard, and among this 
sample of older drivers with glaucoma whose VA was relatively good, their ability to judge 
the hazardous nature of a road user remained relatively intact. 
4.4.3. Predictors of task performance 
There were a number of vision measures for all participants that were significantly associated 
with performance on both the DriveSafe and HPT, including visual fields, UFoV, and Gabor 
motion sensitivity. The current finding aligns with earlier reports that similarly found that 
reductions in these aspects of visual function are linked to poorer performance on various 
indices of driving safety, including hazard perception (Lacherez, et al., 2014a), on-road 
(Haymes, et al., 2008; Wood & Owens, 2005) and simulator (Szlyk, et al., 2005) driving 
performance, as well as increased crash rates (Ball, et al., 1993; Haymes, et al., 2007; 
Owsley, et al., 1991; Owsley & McGwin, 2010). There are two key differences to be noted 
between the DriveSafe and HPT in regards to the vision predictors of task performance. First, 
while binocular contrast sensitivity was the strongest vision predictor of DriveSafe score, it 
was not significantly linked to hazard response time. Second, both measures of motion 
sensitivity were strongly associated with hazard response time, but DriveSafe scores were not 
associated with dot motion sensitivity, and only weakly associated with Gabor motion 
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sensitivity. These differences imply that the strength of the influence of contrast sensitivity 
and motion sensitivity on driving-related task performance is dependent upon the 
characteristics of the task. Both the DriveSafe and HPT consist of real world driving scenes, 
however, the DriveSafe images are static, requiring participants to report high levels of detail 
about the road users within a short timeframe, as opposed to the HPT which has dynamic 
moving scenes, and responses which involve a mouse click. Thus, the finding that good 
contrast sensitivity may be more important for identifying the details in the DriveSafe, while 
motion sensitivity is more critical in detecting moving hazards in the HPT task is not 
unexpected. 
Performance on both the DriveSafe and HPT were also associated with worse eye MD, more 
so than with better eye MD, IVFs, and the binocular Esterman. This is in agreement with 
other studies that have found that worse eye MD had a stronger relationship with crash rates 
(Haymes, et al., 2007; McGwin, et al., 2005; Ono, et al., 2015) and on-road driving 
performance (Haymes, et al., 2008) than better eye MD and IVF. Other strong predictors of 
task performance were the divided and selective attention processing speeds on the UFoV, 
which is in accord with findings from previous studies that the UFoV is strongly associated 
on-road driving performance (Bowers, et al., 2005; Haymes, et al., 2008; Wood, et al., 2012a) 
and crash rates (Ball, et al., 1993; Rubin, et al., 2007). These findings further support the 
evidence on the detrimental impact of declines in visual fields and the UFoV on driving-
related performance, particularly hazard detection ability, which is a critical aspect of driving 
safety. 
Non-vision predictors of DriveSafe and HPT task performance included simple reaction time, 
as well as TMT A and B. Previous studies have similarly reported that reaction time and 
TMT completion times were linked with other indices of driving safety including the 
laboratory-based HPT (Horswill, et al., 2008; McInerney & Suhr, 2016), on-road driving 
(Odenheimer, et al., 1994), and crash involvement (Goode, et al., 1998; Stutts, et al., 1998). 
The current sample of older drivers with glaucoma performed significantly worse on these 
three measures of cognition compared to the controls, which supports findings of other 
studies of the association between glaucoma and declines in cognitive function (Jefferis et al., 
2013; Yochim, Mueller, Kane, & Kahook, 2012). Given that this was not a focus of the 
current thesis, the link between glaucomatous visual impairment, cognition, and driving-
related task performance should be explored in future research. 
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4.4.4. Associations between eye movement patterns and task performance 
In both groups of drivers, better DriveSafe scores were linked to fewer fixations per second, 
longer average fixation duration, larger saccades, wider horizontal search variance, and 
longer fixation duration on road users. Similar associations between DriveSafe scores and eye 
movement measures were noted in Experiment 1 (Section 3.3.3), which included a sample of 
young and older drivers with normal vision. Reduced fixation rates and larger saccades may 
suggest that observers are more aware of the location of the peripheral targets, which enables 
them to make saccades directly to the targets, and thus spend more time fixating on the 
relevant objects. Wider horizontal search variance, which indicates more horizontal scanning, 
would also mean that the observer is less likely to miss peripheral objects, and therefore 
perform better on the DriveSafe. 
In the HPT, as in Experiment 1, faster first fixation on hazards and shorter fixation duration 
on hazard before response were linked to faster hazard response. Importantly, there was a 
group by saccade amplitude interaction effect on hazard response times, such that larger 
saccades were related to faster hazard response times in the glaucoma group, whereas no such 
relationship was found in the control group. This finding aligns with those of a recent 
simulator study by Kubler et al. (2015) who observed that drivers with glaucoma who passed 
a driving test, as defined by the German driving standards, made larger saccades than the 
controls, as opposed to those who failed. However, their findings should be interpreted with 
some caution due to their small sample size (n = 6 glaucoma patients, with three who passed 
and three who failed the assessment). In another experiment, Glen et al. (2013) reported that 
there was a significant positive correlation between saccade amplitude and performance on a 
facial recognition task among glaucoma patients (r = 0.6), but not the controls. These reports 
(Glen, et al., 2013; Kubler, et al., 2015), together with the current findings, suggest the 
possibility of compensatory behaviours, where increasing saccade amplitudes in adaptation to 
visual field loss in glaucoma may improve task performance. It should be emphasised that 
while the current study found an association between the saccade amplitude and HPT 
performance, this does not indicate a causal relationship. In addition, the relationship between 
saccade amplitudes and task performance in the glaucoma group was only found on the HPT, 
but not on the DriveSafe. This discrepancy in findings may be related to the smaller visual 
angle that the DriveSafe images subtend and the differences in task performance between the 
two measures. Given the novelty of the findings, further investigations are warranted on the 
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link between driving-related task performance and saccade amplitudes among older adults 
with glaucoma. 
4.4.5. Study strengths and limitations 
The findings of this study should be interpreted with considerations of its strengths and 
limitations. The key strengths were the use of a standardised testing protocol and a well-
controlled testing environment. Moreover, the study employed driving-related tasks that have 
been shown to be linked to driving safety (Horswill, et al., 2010; Kay, et al., 2012; Kay, et al., 
2008, 2009; Wetton, et al., 2011; Wetton, et al., 2010), as well as an eye tracker with 
relatively high levels of accuracy (Tobii TX300: specification of gaze precision and gaze 
accuracy, 2010). 
On the other hand, the study was limited by its relatively small sample size. Nonetheless, the 
size of the current cohort demonstrated significant associations, and is larger than previous 
driving-related eye tracking studies of drivers with glaucoma (Crabb, et al., 2010; Kasneci, et 
al., 2014; Kubler, et al., 2015; Prado Vega, et al., 2013). Another potential limitation is that 
the visual angle of the visual scene, particularly for the HPT, was limited by the eye tracking 
system used, which allowed a smaller visual angle than some of those used in other eye 
tracking and HPT studies (Crabb, et al., 2010; Underwood, et al., 2005), which may have 
limited some of the statistical significance, as well as exploration of responses to hazards 
appearing from more peripheral areas of the visual field. In spite of these limitations, 
statistically significant group differences in task performance and eye movement measures 
were found, possibly due to the considerable between-group effect sizes.  
4.5. Conclusion 
Overall, the findings from this study confirm the study hypotheses (Section 4.1.1). The 
glaucoma group performed worse on the DriveSafe and HPT compared to the controls, and 
poorer task performance was associated with impaired visual function. A key finding from 
the current study was the delayed hazard response time of the glaucoma group, which 
provides evidence of their impaired hazard detection ability, which is likely to be an 
important cause of their impaired performance on driving-related tasks, as suggested in 
previous studies (Crabb, et al., 2010; Haymes, et al., 2008). Reduced DriveSafe scores in this 
group of drivers also suggest that older drivers with glaucoma are less aware of the driving 
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environment compared to their visually-normal counterparts, which may be an indication of 
their reduced ability to identify and respond to hazards in a timely manner. 
As hypothesised, the glaucoma group exhibited eye movement patterns that are suggestive of 
reduced visual attention on relevant objects in the visual scene relative to controls. 
Specifically, shorter fixation durations on the DriveSafe road users and delayed time to first 
fixation on the HPT hazards in the glaucoma group imply that they experienced greater 
difficulty identifying and locating the relevant objects in the visual scene.  
Smaller saccades were also observed in the glaucoma group relative to the controls. 
Importantly, there was a link between larger saccade amplitudes and faster hazard response 
time in the glaucoma group, but not the controls, suggesting that making larger saccades may 
be beneficial for older drivers with glaucoma for road hazard detection. While similar 
relationships between saccade amplitudes and task performance have also been found in 
previous studies (Glen & Crabb, 2015; Kubler, et al., 2015), with the authors proposing 
compensatory mechanisms, this pattern of association was not found while performing the 
DriveSafe. Further exploration of this issue is therefore warranted to establish whether 
saccade amplitudes casually impact on task performance, potentially through compensatory 
processes. 
With the estimated rise in the number of older drivers on the road, including those with visual 
impairment from glaucoma, it is important to better understand the visual attention of these 
drivers on the road. The findings from Experiment 2 add to the current knowledge regarding 
potential reasons that underlie the elevated crash risk of this group of drivers. Nevertheless, it 
is essential to observe the eye movements and scanning behaviour of older drivers with 
glaucoma during on-road driving; the current findings serve as a useful basis for Experiment 
3 and future on-road driving studies. 
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 Experiment 3 
Eye movements and driving performance of older adults with 
glaucoma on a closed-road 
5.1. Introduction 
As reviewed in Section 2.4.2, eye movements play a critical role in the driving task. For 
example, visual information obtained from fixating on the tangent point of a curve guides 
driver’s steering (Land, 2006; Land & Hayhoe, 2001; Land & Lee, 1994; Land & Tatler, 
2001; Marple-Horvat, et al., 2005; Wilson, et al., 2008), fixations on road signs and signals 
enable awareness of traffic regulations and road conditions (Möri & Abdel-Halim, 1981), and 
saccades across the driving scene allow drivers to detect potential hazards (Chapman, 2002). 
An important factor that could influence drivers’ eye movement patterns is visual 
impairment, including that arising from glaucoma as demonstrated in Experiment 2 and 
previous studies (Crabb, et al., 2010; Kasneci, et al., 2014; Kubler, et al., 2015). However, 
such studies on the eye movements of older drivers with glaucoma are limited and have 
produced variable findings. For example, Crabb et al. (2010) reported that older drivers with 
glaucoma exhibit increased numbers of fixations per second and decreased average fixation 
duration relative to the visually-normal participants while performing a laboratory-based 
HPT. In contrast, a simulator study by Prado Vega et al. (2013), as well as the findings from 
the HPT and DriveSafe tasks in Experiment 2, did not show any difference in fixation 
characteristics between older drivers with glaucoma and the controls. Furthermore, while 
previous experiments did not find that saccade amplitudes were affected by glaucoma when 
performing driving-related tasks (Crabb, et al., 2010; Prado Vega, et al., 2013), the results 
from Experiment 2 demonstrated that older drivers with glaucoma made significantly smaller 
saccades than age-matched controls while performing the DriveSafe and HPT. Given these 
limited and conflicting findings, there is still much to learn about the eye movement patterns 
of older drivers with glaucoma as related to the driving task. 
Another important reason for the need for additional research in this area is to allow 
exploration on the possibility of compensatory scanning behaviour that might be adopted by 
some drivers with glaucoma, which may be beneficial for the driving safety of this group of 
drivers. There have recently been some observations of such possible compensatory eye 
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movement patterns among older drivers with glaucoma. For example, in a driving simulator 
study (Kubler, et al., 2015) of drivers with glaucomatous visual impairments that did not 
meet the German vision standards for driver licensing, larger saccade amplitudes and higher 
fixation rates were observed among the drivers with glaucoma who passed the driving 
assessment (based on the German driving standards) compared to those who failed, as well as 
to a visually-normal control group. Another study by the same research group (Kasneci, et 
al., 2014) also noted compensatory behaviours in some older drivers with glaucoma with 
advanced visual field loss (who did not meet the German visual field standards for driver 
licensing), where those who passed an open-road driving assessment made more glances and 
head movements towards their visual field defect areas as opposed to those who failed. 
However, the sample sizes in these studies were relatively small, with 10 or fewer drivers 
with glaucoma in each study (Kasneci, et al., 2014; Kubler, et al., 2015), thus further 
investigation into the potential role of eye movements in the driving ability of those with 
glaucomatous visual field loss is warranted. 
Head movements are another important component of a driver’s scanning behaviour, 
facilitating the ability to scan into the far peripheral areas of the driving scenes, where task-
relevant objects such as street names, road signs, and potential hazards may appear. While 
saccades can be made towards these peripheral targets, the mechanical and neurological 
limitation of the extraocular muscles of a healthy human eye do not allow spontaneous 
saccades towards targets beyond 45° without also moving the head (Guitton & Volle, 1987). 
Head movements thus allow a larger spatial extent of visual search, and may be especially 
important in drivers with severe visual field defects. For example, it has been shown that 
drivers with homonymous hemianopia (Bowers, Ananyev, Mandel, Goldstein, & Peli, 2014; 
Kasneci, et al., 2014; Wood, et al., 2011) and quadrantanopia (Wood, et al., 2011) who 
exhibited increased head movements towards the blind side of their visual fields, were able to 
perform better in open-road and simulator driving assessments than those with similar defects 
who did not exhibit such head movement alterations (Bowers, et al., 2014; Kasneci, et al., 
2014; Wood, et al., 2010b). 
Further exploration into how road scanning behaviour differs between drivers with and 
without glaucomatous field loss is therefore necessary to better understand the impact of the 
disease on driving performance. In Experiment 2, the eye movement patterns of older drivers 
with glaucoma while performing laboratory-based tasks were explored, and the findings 
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provide insight into how the visual search and attention of drivers is affected by the disease. 
However, laboratory-based tasks do not replicate the complex nature of real-world driving for 
a variety of reasons. The visual scene during real-world driving is much more detailed and 
dynamic than that of laboratory-based tasks, due to the varying lighting and contrast levels, 
with a range of targets moving at different speeds. Furthermore, the visual scene during real-
world driving subtends a much larger field of view compared to that in the laboratory, and 
drivers are required to frequently turn their heads to scan their blind spots and search for 
other road users rather than simply looking straight ahead, as is the case in the majority of 
laboratory-based driving tasks. There is also the critical requirement to maintain vehicle 
control and steering, as well as avoiding hazardous events, which can present real and 
potentially fatal consequences in the case of a collision. Conversely, in the laboratory, drivers 
are required to view driving-related scenes and respond either verbally or through mouse 
clicks, which have little to no ramifications in the real world. There is thus a need for more 
on-road studies to explore the scanning behaviour of older drivers with glaucoma; this was 
addressed in Experiment 3 on a closed-road driving circuit. 
5.1.1. Study rationale and hypotheses 
This on-road experiment explored the scanning behaviour of older drivers with glaucomatous 
visual impairment in comparison to their visually-normal counterparts. In addition to 
providing a better appreciation of the impact of the disease on driving performance and 
safety, the outcomes of this research potentially form a basis for developing compensatory 
strategies to improve driving ability and safety through changes to eye and head movement 
patterns. Specifically, the study aimed to address the following research questions: 
A) How does glaucomatous visual impairment affect closed-road driving performance 
among older drivers? 
B) How does glaucomatous visual impairment affect the eye movement patterns of older 
drivers during closed-road driving? 
C) Is there a link between measures of eye movement patterns and closed-road driving 
performance among drivers with glaucoma? 
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The followed hypotheses were developed in relation to the research questions, based on 
current research evidence as well as the findings from Experiment 2: 
A) Older drivers with glaucomatous field loss will demonstrate poorer closed-road driving 
performance, with specific difficulty with avoidance of low-contrast hazards, relative to 
the control group. 
B) Saccade amplitudes of the glaucoma group will be, on average, smaller than those of the 
controls, with no other group differences in eye or head movement patterns (based on the 
findings of Experiment 2). 
C) Among the older drivers with glaucoma, better overall driving performance will be 
linked to larger saccades, wider horizontal search variance, and more extensive head 
movements, consistent with the notion of compensatory scanning behaviour. 
5.2. Methods 
5.2.1. Ethical approval 
Ethical clearance was obtained from the QUT Human Research Ethics Committee on 
February 2016 (QUT Ethics approval number: 1200000401). The study was conducted in 
compliance with the tenets of the Declaration of Helsinki. Participants were given a full 
explanation of the nature of the study and written informed consent was obtained, with the 
option to withdraw from the study at any time. 
5.2.2. Participant recruitment 
Two groups of older drivers, one group with visual field defects arising from glaucoma and 
one consisting of age-matched controls with normal vision were recruited from the QUT 
Optometry clinic, and from the research participant database in the Vision and Driving 
research group laboratory. Prior to recruitment, potential participants were interviewed in 
person or over the telephone to determine their eligibility. Those who satisfied the inclusion 
criteria were then invited to participate. The inclusion criteria were as follows: 
All participants: 
 Current drivers, defined as having a current driver licence and having driven within the 
last three months 
 Absence of any other ocular condition that may affect driving performance 
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- This was determined through the optometry clinic records, self-reported ocular history, 
as well as the vision and ocular health screening assessment performed as part of the 
protocol 
 Absence of any self-reported systemic condition that may affect driving performance, 
such as arthritis, heart disease, and stroke (Anstey, et al., 2005; McGwin, et al., 2000b) 
Glaucoma group only: 
 Clinical diagnosis of glaucoma by an ophthalmologist, and undergoing pharmacological 
treatment or have undergone surgical or laser treatment at the time of recruitment  
 Glaucomatous visual field defect, with worse eye visual field MD of ≤ −4 dB 
- Criterion was based on an open road driving study by Haymes et al. (2008) in which a 
MD of ≤ −4 dB in the worse eye was the only vision measure that was associated with 
increased rates of at-fault critical interventions by the driving instructor in those with 
glaucoma 
5.2.3. Study instruments 
5.2.3.1 Questionnaires and in-laboratory vision assessments 
The DHQ (Owsley, et al., 1999), as described in Section 3.2.4.1, was administered to obtain 
information on participants’ driving characteristics, perceived level of driving difficulty, and 
self-reported traffic accident history.  
The same visual function and visual processing tests as used in Experiment 2 were included 
in this study. Anterior and posterior ocular health was screened with slit lamp biomicroscopy 
and funduscopy. Visual acuity and contrast sensitivity were measured with participants’ 
habitual driving spectacle correction, if used, using a logMAR chart (Bailey & Lovie, 1976) 
and Pelli-Robson contrast sensitivity chart (Elliott, et al., 1991) respectively (Section 
3.2.4.2). Assessments of visual fields were conducted with the HFA. Fields were tested 
monocularly with the SITA-Standard 24-2 program, and the results were used to generate the 
IVFs for each participant; binocular fields were additionally tested with the binocular 
Esterman test (Section 4.2.4.2). Where monocular visual fields were not testable due to poor 
vision, which occurred with two participants who had only light perception or no-light-
perception vision in their worse eye, a MD value of −30 dB was substituted for analytical 
purpose (McKean-Cowdin, et al., 2008).  
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All three subtests of the UfoV® (Section 4.2.4.3) were conducted to determine visual 
processing speeds for central vision (subtest 1), divided attention (subtest 2) and selective 
attention (subtest 3). The visual stimuli were presented on a computer monitor at a working 
distance 45 to 60 cm (UFOV User Guide, 2009). Participants wore their habitual computer-
distance correction; if the participant did not have their own computer-distance correction, an 
appropriate working distance correction in a trial frame was used. 
Visual motion sensitivity was measured with a dot motion test and a drifting Gabor patch 
(Section 4.2.4.3). The visual stimuli for both tests were presented on a computer monitor at a 
viewing distance of 3 m, with the participants wearing their habitual driving correction for 
the test. 
5.2.4. Closed-road driving 
This study was conducted under closed-road conditions, given the difficulties in maintaining 
consistent testing conditions between participants on the open-road, and the associated safety 
issues. Closed-road driving assessments were conducted at Transport and Main Roads Mt. 
Cotton Training Centre (Brisbane, Australia). This driving circuit has been used in previous 
driving studies, including those assessing drivers with visual impairment (Wood, et al., 
2010a; Wood, 2002a; Wood & Carberry, 2006). The circuit involves hills, bends, and straight 
stretches, with two and three lanes, and is representative of driving on rural roads (Figure 
5.1). The assessment was conducted in an instrumented research vehicle (2015 Toyota 
Camry) which has automatic transmission and a dual brake. The vehicle was fitted with two 
roof-mounted cameras (HERO3 GoPro, San Meteo, USA) aimed at the roadway, the 
recorded video footage assisted in post-test scoring of lane-crossing times and low-contrast 
hazard avoidance (which were component driving measures; Section 5.2.4.1). In addition, 
participants wore a lightweight eye tracker (described in detail in Section 5.2.5), which also 
recorded their verbal responses for post-test scoring of road sign recognition performance 
(Section 5.2.4.1). A series of low-contrast hazards, road signs, and wooden animal cut-outs 
(shaped as a wallaby) were positioned around the circuit and are described in the following 
subsection. 
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Figure 5.1. Aerial view of the closed-road circuit 
 
5.2.4.1 Component driving measures 
In accordance with previous protocols (Higgins & Wood, 2005; Wood & Owens, 2005), low-
contrast hazards consisting 5 cm-thick foam sheets, measuring 1.0 m × 2.2 m, were placed in 
the middle of the driving lane (Figure 5.2). These hazards can be felt when ran over, but 
have minimal impact on vehicle control and speed. They were placed at eight locations along 
the driving course, and the locations of two hazards were moved between laps. Over the two 
laps, there were a total of 17 hazards to avoid (as one hazard was encountered twice during 
one of the laps). Participants were instructed to report when they saw a low-contrast hazard, 
and to avoid it by driving around it. The number of hazards hit was recorded by the 
experimenter in the front passenger seat, and checked offline in the video footage of the drive 
that was recorded with the roof-mounted cameras. 
 
 
Figure 5.2. Low-contrast hazards indicated by the yellow arrows 
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Road sign recognition 
Participants were instructed to report as much of the information on any road signs seen as 
they drove around the circuit. There were total of 47 road signs, and each sign contained one 
to two pieces of information (Figure 5.3). The information on the road signs included 24 
icons (e.g. arrows, kangaroo crossings), 25 speed limits or advisory speeds, seven street 
names, and 15 regulatory and other information signs (e.g. exit, stop, flood way). Two 
additional mobile road signs were positioned along the route: a lane-closure and a road works 
sign, with the latter switching from one side of the road to the other between laps. In addition 
to reporting these signs, participants had to avoid the lane that was indicated as “closed”, and 
drive around the blocked-off area as indicated by the road works sign (Figure 5.3). In total, 
there were 71 pieces of information from the fixed road signs and three from the mobile road 
signs to read in each lap. The number of correctly identified information from the road signs 
(total of 148 across two laps) was recorded. 
 
Figure 5.3. Examples of road signs (red circles), including a road works sign that had to be 
driven around to avoid, and an example of the wooden animal cut-out (yellow circle) 
 
Lane boundary crossings 
Participants were instructed to maintain the vehicle in the centre of the lane as much as 
possible. Lane-keeping was scored offline by analysing the video footage recorded by the 
two cameras mounted on the vehicle roof. Lane crossing was defined as either of the front 
wheels crossing over the white lane marking. Excluding the time during lane changing and 
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hazard avoidance, the total lane crossing time was recorded as a percentage of the course 
completion time. 
Animal detection 
Three wooden cut-outs of animals, shaped as wallabies (Figure 5.3), were situated at the 
edge of the road at various locations, with the position of one of them changing sides of the 
road between laps. The total number of cut-out animals seen was recorded, although not used 
in the analysis as most participants identified all of the animals which created a ceiling effect. 
Course completion time 
The time taken to complete the course was recorded. However, it was not used as an outcome 
measure since driving speed can be influence by factors unrelated to driving ability, such as 
familiarity with the test vehicle and road conditions. Nevertheless, it is essential to account for 
driving speed in the analysis as driving slowly could create an advantage for drivers by providing 
them with more time to read out the road signs and avoid hazards. All analyses involving the 
overall driving score as the outcome measure were therefore adjusted for course completion 
time by including it as a covariate. 
5.2.4.2 Overall driving score 
The Z-scores for each of the three component measures (low-contrast hazard avoidance, road 
sign recognition, and lane crossings) were determined in relation to the study population. 
Each component measure was given equal weighting, and the overall composite driving score 
was computed as the mean z-score of these component measures for each participant (Wood, 
et al., 2010a; Wood, 2002a), with higher scores indicating better performance. 
5.2.5. Scanning behaviour: eye and head movements tracking 
As participants drove around the circuit, their scanning behaviour was recorded by tracking 
their eye and head movements. Eye movements were tracked with the ASL Mobile Eye-XG 
(Applied Science Technologies, Bedford, MA), which is a lightweight portable head-
mounted system that records the gaze positions relative to the head. The system consists of 
two cameras: an eye camera and a scene camera (Figure 5.4), sampling at 30 Hz with 
tracking accuracy of 0.5 to 1.0° (ASL Mobile Eye-XG: Next Generation Eye Tracking 
Solution for Multiple Applications, 2014). The eye camera tracks the pupil and corneal 
reflections of the right eye, while the scene camera records the driving scene from the 
driver’s point of view. The eye tracker can be worn over the participant’s spectacles and is 
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supported by the ears and nose like a pair of spectacles (Figure 5.5). The ASL Mobile Eye-
XG was connected to a Display Transmit Unit which records the two video inputs from the 
eye and scene cameras, generating an “.avm” file. Post-testing, the “.avm” file is imported 
into the EyeVision Data Processing software (Applied Science Laboratories, 2013), which 
processes the file to produce a spreadsheet (.csv) and a video file (.avi), using the calibration 
data. The spreadsheet data includes the raw X and Y coordinates for the gaze position, 
relative to head position, at each recorded time point. 
 
Figure 5.4. The ASL Mobile Eye-XG eye tracker 
 
 
 
Figure 5.5. Eye and head tracking. The gyroscope sensors in the smart phone secured on the 
head measures the head yaw angular rotation (white arrow), while the Mobile Eye-XG 
glasses tracks the eye movements (yellow arrow) 
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Prior to testing, a five-point calibration procedure was performed with participants wearing 
the eye tracker and viewing a calibration board positioned 2.5 m in front of them. Participants 
were instructed to fixate on each of the five fixation targets on the calibration board in turn, 
and the calibration data collected from the eye tracker was then used to determine the number 
of pixels that constitute 1 degree of visual angle (Appendix 1), giving each participant a 
unique “pixels per degree” value, which was later used in the process of identifying fixations 
from the coordinate data in the “.csv” file. The coordinate data collected from the eye tracker 
was imported into R (R Project for Statistical Computing, Boston, MA) which identified 
fixations using a custom-designed “.emov” package (Schwab, 2016), based on a dispersion-
based algorithm (Salvucci & Goldberg, 2000). Fixations were defined as static eye 
movements with gaze positions remaining within a visual angle (dispersion) of 1.6° for at 
least 100 ms (Cheong, et al., 2008; Geruschat, et al., 2006; Turano, et al., 2001), and saccades 
were defined as the eye movements that occur between fixations. A Microsoft Excel 
spreadsheet containing the eye movement data as generated from R was then used to compute 
the number of fixations per second, average fixation duration, average saccade amplitude, 
and horizontal and vertical search variances.  
Head movements were recorded using the Sensor Kinetics Pro mobile phone application 
(INNOVENTIONS® Inc., Houston, TX). The application utilises the in-built vibratory 
gyroscope sensors of the smart phone (Acar & Shkel, 2008; Zhanshe et al., 2015), which 
measures angular velocity along the x-, y-, and z-axes (roll, pitch, and yaw respectively) at a 
sampling rate of 30 Hz. For this experiment, only the movement along the z-axis (yaw) was 
of interest, which provides information of left-right head turns. Two iPhones were used; one 
recorded the angular velocity of the test vehicle, while the other recorded the angular velocity 
of the driver’s head within the car (Figure 5.5). The angular position of the head relative to 
the vehicle (measured in degrees) was then computed from the angular velocity values 
obtained from the two sets of gyroscope measurements. The full computational method is 
presented in Appendix 2. The measure for head movements is the variance of head yaw (°). 
5.2.6. Road segments 
To explore the effects of workload and visual clutter on scanning behaviour, further analyses 
were performed that focused on two segments of the circuit: a cluttered segment and an 
uncluttered segment (Figure 5.6). The cluttered segment is a 225 m portion of the circuit that 
contains 12 road signs (total of 17 pieces of information) and one cut-out wallaby. It starts 
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with a gradual left bend followed by straight road of approximately 80 m. The uncluttered 
segment is 300 m in length, and only contains two road signs (four pieces of information); it 
starts with a straight road of approximately 100 m followed by a right bend. 
 
 
Figure 5.6. Schematic representation of the cluttered and uncluttered segments of a lap 
 
5.2.7. Study design and procedure 
This cross-sectional study explored the closed-road driving performance and eye movement 
patterns of drivers with glaucomatous vision defects in comparison to visually-normal 
controls. Study participation consisted of two visits. The first was a one-hour visit to the 
Vision and Driving laboratories at the QUT Kelvin Grove campus, where participants gave 
informed consent and completed the questionnaire and vision assessments. 
The second visit was conducted on the closed-road driving circuit at the Mt. Cotton Training 
Centre. After participants were briefed on the driving task, the eye and head trackers were 
secured in position, followed by the calibration procedure for the eye tracker. Participants 
wore their own habitual spectacles for driving (if any), and completed a practice lap (in the 
reverse direction of the test laps) which took approximately three minutes and allowed 
participants to familiarise themselves with the research vehicle, and ensured that the eye and 
head trackers were functioning.  
= Low-contrast foam hazards 
= Wooden cut-out of animal 
= Road work sign, requiring drivers to manoeuvre around  
= Lane closure sign, requiring drivers to manoeuvre around 
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Participants then completed two recorded laps of the 4.73 km driving circuit, with each lap 
taking 8 to 10 minutes to complete. The position of some of the low-contrast hazards, 
wooden animal cut-outs, and mobile road works sign were varied between the two laps to 
minimise familiarity effects. Recalibration of the eye and head trackers was performed prior 
to each test lap to correct for possible shifts in the position of the eye and head trackers. 
During the drive, two experimenters were seated in the vehicle with the participant. The front 
seat examiner provided directional instructions to the participant, while the PhD student 
ensured proper operation of the eye and head trackers in the back passenger seat. 
5.2.8. Statistical analysis 
Statistical analyses were performed using SPSS version 21.0 (SPSS, Chicago, IL), and the 
level of significance was set at p < 0.05. The main effects of group (controls vs. glaucoma) 
on driving and scanning behaviour measures were analysed. For this analysis, Generalised 
Linear Models were used as it allowed for adjustments for course completion time in the 
models. 
To examine the effect of glaucomatous visual impairment severity on driving performance, 
the glaucoma participants were assigned into two subgroups: early to moderate impairment 
(GSS stages 1 to 2 in the worse eye) and more advanced impairment (GSS stages 3 to 5 in the 
worse eye) according to the GSS as per Experiment 2. The subgroups (control, glaucoma 
with early to moderate impairments, and glaucoma with more advanced impairments) were 
entered as factors in the Generalised Linear Model, with driving performance as the 
dependant variable, and corrected for course completion time.  
Explorations for potential vision predictors of overall driving performance were then 
conducted by entering each vision measure as a predictor in separate models, correcting for 
age as a possible confounder, as well as course completion time. Since this was an 
exploratory study, adjustments were not made for multiple comparisons. Finally, the link 
between scanning behaviour and test performance were explored by including each of the eye 
and head movement measures as covariates in separate analyses, with overall driving 
performance as the outcome measure, and all interaction effects (between group and the 
various eye and head movement measures) on performance were examined. Where 
interactions were significant, the simple effects were examined. 
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To ensure that the analysis was not affected by recordings with poor eye tracking data, 
recordings that had less than 50% of eye tracking data were excluded from the analyses, as 
per similar eye tracking studies (Nuske, et al., 2014; Van Viersen, et al., 2013). No 
participant was excluded based on this criterion, with a mean of 93.4% (SD: 5.3%) of eye 
tracking data recorded for each participant. 
5.3. Results 
A total of 14 older drivers with glaucoma and 10 controls were included in the study. The 
age, gender distribution, and driving characteristics (derived from the DHQ) did not differ 
significantly between the control and glaucoma participants as shown in Table 5.1. 
 
Table 5.1. Age, gender, and driving status of study sample 
 Controls (n = 10) Glaucoma (n = 14) p-value 
Age (years) 70.6 ± 7.4 72.0 ± 7.0 0.77 
Gender: male (n, %) 9 (90.0%) 7 (50.0%) 0.08 
Driving status        
Driving experience (years) 51.9 ± 8.5 53.1 ± 9.4 0.74 
Self-rating of driving ability (n, %)        
● Good to Excellent 6 (60.0%) 5 (35.7%) 
0.27 
● Fair to average 4 (40.0%) 9 (64.2%) 
Days driven per week 5.4 ± 1.9 4.4 ± 2.1 0.28 
Weekly mileage (km) 256.3 ± 415.0 147.3 ± 127.7 0.47 
Perceived driving difficulty score 
(range 0 to 45)b 
41.9 ± 2.8 39.8 ± 3.9 0.12 
Number of drivers with a history of one or more crashes (n, %) 
● In last 12 months 1 (10.0%) 1 (7.1%) 0.80 
● In last 5 years 2 (20.0%) 2 (14.3%) 0.71 
Continuous variables presented as mean ± standard deviation; a between-group differences 
analysed using Independent Samples t-test for continuous variables, and chi-square test for 
categorical variables (gender, self-rating of driving ability, and crash histories); b lower 
scores represent higher perceived difficulty. 
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The visual function characteristics of the study sample are shown in Table 5.2. Out of the 14 
participants in the glaucoma group, seven (50%) had early to moderate impairments 
according to the GSS grading in the worse eye, while the remaining participants had more 
advanced impairments. As a whole, the glaucoma group had significantly worse contrast 
sensitivity, visual fields, and selective attention processing speeds on the UFoV than the 
controls, although the group difference in binocular Esterman score was not statistically 
significant. Additionally, there was a trend towards poorer motion sensitivity in the glaucoma 
group, but this did not reach statistical significance. There was no other significant between-
group difference in the other vision measures. 
 
Table 5.2. Visual characteristics of study sample 
  Controls (n = 10) Glaucoma (n = 14) p-valuea 
Visual function               
Habitual binocular driving VA (logMAR) −0.03 ± 0.09 −0.01 ± 0.09 0.59 
Binocular contrast sensitivity (logCS) 1.90 ± 0.09 1.77 ± 0.19 0.034* 
Visual fields               
● Better eye MD (dB) 0.08 ± 0.99 −3.36 ± 2.75 < 0.001** 
● Worse eye MD (dB) −0.72 ± 0.99 −13.76 ± 8.29 < 0.001** 
● Integrated visual fields (dB) 29.90 ± 1.70 25.30 ± 2.90 < 0.001** 
● Binocular Esterman efficacy score 
(max 100) 
99.0 ± 2.1 93.9 ± 8.6 0.06 
Visual processing               
Useful field of view (processing speed; ms)  
● Subtest 1: central processing 29.0 ± 26.0 19.3 ± 9.8 0.29 
● Subtest 2: divided attention 47.4 ± 52.2 84.1 ± 76.0 0.18 
● Subtest 3: selective attention 218.7 ± 88.0 343.9 ± 159.4 0.012* 
Motion sensitivity               
● Dot motion (LogDegArc) −1.87 ± 0.20 −1.70 ± 0.21 0.053 
● Drifting Gabor patch (Hz) 0.08 ± 0.11 0.10 ± 0.06 0.71 
Continuous variables presented as mean ± standard deviation. a Between-group differences 
analysed using Independent Samples t-test. *p<0.05; **p<0.01 
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5.3.1. Group differences in driving performance 
The overall and component driving measures of the study sample are presented in Table 5.3 
and Figure 5.7. The glaucoma group’s overall driving performance was significantly worse 
than the controls (21 = 5.6, p = 0.018). In addition, the glaucoma group hit 16% more hazards 
than the controls (21= 4.0, p = 0.044). There was a trend towards fewer road signs recognised 
and more lane-crossing times in the glaucoma group compared to the controls, but these 
differences did not reach statistical significance (p = 0.17 and 0.13 respectively). There was 
no group difference in course completion time. 
 
Table 5.3. Driving measures and course completion times of study sample 
 Controls (n=10) Glaucoma (n=14) p-value 
Overall driving performance 
(composite z-score) 
0.38 ± 0.47 −0.23 ± 0.77 0.018* 
Low-contrast hazards avoidance (%) 87.0 ± 10.0 71.0 ± 25.0 0.044* 
Road sign recognition (%) 79.6 ± 6.6 74.6 ± 11.7 0.17 
Lane-crossing 
(% time of course completion time) 
9.8 ± 3.5 12.8 ± 5.8 0.13 
Time to complete course (s) 974.4 ± 73.4 989.5 ± 98.4 0.71 
*p<0.05; **p<0.01 
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Figure 5.7. Overall closed-road driving score (top) and component driving measures (bottom); 
NS: not significant; *p<0.05; *p<0.01 
 
*
*
NS
NS
Glaucomatous visual field impairment: GSS grading in the worse eye 
 Early to moderate impairment        More advanced impairment 
 
Better 
performance 
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An outlier in the glaucoma group was identified from the boxplots in Figure 5.7, whose 
overall driving performance (z-score of −2.0) and hazard avoidance (6% avoided) were 
noticeably poorer than the rest of the group. However, this participant was not excluded from 
the analyses as the statistical conclusions of the main group effects did not differ regardless 
of whether this outlying data point was included or not. 
Analyses comparing the controls and two glaucoma subgroups additionally revealed a 
significant effect of subgroup (22 = 14.0, p = 0.001) on the overall driving z-scores. The 
subgroup of glaucoma participants with more advanced impairment performed significantly 
poorer than those with early to moderate impairments and the controls, with reductions in 
scores of −0.84 (p = 0.009) and −1.02 respectively (p < 0.001). However, the overall driving 
score did not differ significantly between the subgroup of glaucoma participants with early to 
moderate impairments and the controls (p = 0.54). 
5.3.2. Group differences in scanning behaviour 
The glaucoma group exhibited eye movement patterns that were suggestive of an increase in 
visual search activity compared to the controls (Table 5.4). Specifically, the glaucoma group 
made larger saccades by 3.3° (21 = 18.7, p < 0.001), wider horizontal search variances by 
735.6° (21 = 12.8, p < 0.001), and wider vertical search variances by 1130.8° (
2
1 = 9.2, p = 
0.002) than the controls (increases of 39%, 77%, and 203% respectively). Fixations and head 
movement parameters did not differ significantly between groups. 
 
Table 5.4. Eye and head movement measures 
 Controls (n = 10) Glaucoma (n = 14) p-value 
Eye movements:        
Fixations per second 3.04 ± 0.12 3.13 ± 0.30 0.37 
Average fixation duration (s) 0.21 ± 0.02 0.21 ± 0.02 0.46 
Saccade amplitude (°) 8.5 ± 1.9 11.8 ± 2.0 < 0.001** 
Horizontal search variance (°) 951.7 ± 312.0 1687.3 ± 621.5 < 0.001** 
Vertical search variance (°) 558.0 ± 294.4 1688.8 ± 1197.0 0.002** 
Head movements:        
Variance of head yaw (°) 319.3 ± 79.2 369.3 ± 132.2 0.27 
Presented as mean ± standard deviation. *p<0.05; **p<0.01 
 
Experiment 3 
 
 
118 
5.3.3. Vision predictors of driving performance 
For all participants, poorer overall driving score was most strongly associated with poorer 
visual field MD values in the better eye (21 = 53.4, p < 0.001). All other measures of visual 
fields were also significantly associated with overall driving performance, including worse 
eye MD (21 = 22.7, p < 0.001), IVF (
2
1 = 37.3, p < 0.001), and binocular Esterman (
2
1 = 
19.7, p < 0.001). Other significant predictors of overall driving performance included contrast 
sensitivity (21 = 8.3, p = 0.004), visual processing speeds on the UFoV subtest 2 (
2
1 =11.5, p 
= 0.001), and dot motion sensitivity (21 = 15.8, p < 0.001).  
When the analyses were repeated in the glaucoma group alone, most of the associations 
between driving performance and vision measures as reported above remained significant; 
including better eye MD (21 = 57.9, p < 0.001), IVF (
2
1 = 23.9, p < 0.001), binocular 
Esterman (21 =15.2, p < 0.001), UFoV subtest 2 (
2
1 = 8.6, p = 0.003), and dot motion 
sensitivity (21 = 11.8, p = 0.001). However, the association between driving performance and 
contrast sensitivity, as well as worse eye MD failed to reach statistical significance (p = 0.10 
and 0.09 respectively) when only the glaucoma group were included in the analysis. 
5.3.4. Associations between measures of scanning behaviour and overall driving 
performance 
Across both participant groups, there was no main effect of eye or head movement measures 
or interaction effect with group on overall driving performance. Sub-analyses for the 
glaucoma group also did not reveal that any significant associations between any of the eye 
movement measures and overall driving performance.  
However, upon a visual inspection of the scatterplots, the outlier in the glaucoma group, as 
identified in Section 5.3.1 (with an overall driving z-score of −2.0), appeared to have 
potentially influenced the relationship between some of the eye movement measures and 
driving performance. In additional analyses where this outlier was removed, a significant 
group × saccade amplitude effect on overall driving performance was revealed (21 = 6.7, p = 
0.010). In the simple effects models, larger saccade amplitudes were significantly associated 
with better driving performance in the glaucoma group (21 = 11.9, p = 0.001), but not in the 
control group (21 = 0.1, p = 0.75). To ensure that this association was not driven by vision 
measures that could influence both the saccade amplitudes and driving performance, 
additional analyses were conducted to correct for contrast sensitivity, visual fields, UFoV, 
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and motion sensitivity in separate models (as these were the significant vision predictors of 
driving performance). This association between saccade amplitude and hazard response time 
remained significant after these adjustments. The scatterplots for the relationship between 
saccade amplitudes and overall driving performance with and without the outlier are shown 
in Figure 5.8. None of the associations between other eye/head movement and driving 
performance were altered in these additional analyses with the outlier removed. 
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Figure 5.8. Associations between saccade amplitude and overall driving performance. 
Top: all participants; bottom: excluding the outlying data point in the glaucoma group  
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5.3.5. Effect of clutter on scanning behaviour 
Significant differences in scanning patterns were observed between the cluttered and 
uncluttered segments of the drive. Compared to the uncluttered segment, driving through the 
cluttered segment resulted in increased fixations per second (21 = 5.9, p = 0.015), and 
decreased average fixation duration (21 = 3.9, p = 0.043), saccade amplitude (21 = 4.8, p = 
0.028), horizontal search variance (21 = 6.4, p = 0.011), and vertical search variance (21 = 
8.7, p = 0.003). Variance of head yaw was significantly increased when driving through the 
cluttered segment compared to the uncluttered segment (21 = 11.2, p = 0.001).  
Additionally, there was a significant segment × group interaction effect (21 = 7.9, p = 0.005) 
on fixations per second. In the simple effects models, the glaucoma group made significantly 
fewer fixations per second than the controls in the cluttered sections (21 = 6.0, p = 0.024), 
but there was no significant group difference in the uncluttered segment. 
5.4. Discussion 
In this experiment, the closed-road driving performance and scanning behaviours of older 
drivers with glaucoma were compared to those of visually-normal controls. Overall driving 
performance was significantly reduced in the glaucoma group relative to the controls, most 
notably in their ability to detect and avoid low-contrast hazards. However, contrary to the 
study hypothesis, which was based on the laboratory-based findings in Experiment 2, the 
glaucoma group exhibited larger saccades and wider horizontal search variances than the 
controls, and larger saccades were associated with better overall driving performance. The 
results from this experiment are discussed. 
5.4.1. Glaucoma and closed-road driving performance 
The finding that the glaucoma group, as a whole, had significantly reduced closed-road 
driving performance compared to the age-matched controls is in support of findings from 
previous studies on crash rates (Haymes, et al., 2007; Kwon, et al., 2015; McGwin, et al., 
2015; McGwin, et al., 2005; Szlyk, et al., 2005), driving simulators (Kubler, et al., 2015; 
Kunimatsu-Sanuki, et al., 2015),  and on-road driving performance (Bhorade, et al., 2016; 
Bowers, et al., 2005; Haymes, et al., 2008; Kasneci, et al., 2014; Wood, et al., 2016). This 
finding also supports those from Experiment 2, which found delayed hazard responses and 
poorer DriveSafe scores among the older drivers with glaucoma compared to the controls. 
Although it has been reported that some older drivers with glaucoma are comparable to their 
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visually-normal counterparts in driving ability (Prado Vega, et al., 2013; Szlyk, et al., 2005) 
and crash rates (McGwin, et al., 2004; McGwin, et al., 2005), the general consensus is that 
drivers with glaucoma have on average significantly impaired driving ability and safety 
relative to visually-normal controls, especially among those with more severe glaucomatous 
visual field defects (McGwin, et al., 2005; Ono, et al., 2015; Tatham, et al., 2015). Indeed, in 
the current experiment, the subgroup of glaucoma participants with more advanced 
impairments were found to have significantly poorer overall driving performance than those 
with early to moderate impairments and the controls. Likewise, Bowers et al. (2005) reported 
that more severe visual field impairment is related to poorer performance for certain driving 
manoeuvres, including lane keeping during curve taking, anticipatory skills, and interaction 
with other traffic on an open-road. In addition, other studies have reported that crash rates are 
increased with more advanced glaucoma visual field loss (McGwin, et al., 2015; Ono, et al., 
2015; Ono, et al., 2014). In the current study, low-contrast hazard avoidance was the driving 
measure that was most problematic for the glaucoma group, even though these hazards were 
large. Many objects in the real-world driving scene may have similar visual characteristics 
(large, but low-contrast), such as debris and pedestrians in low-visibility clothing during poor 
weather conditions such as fog, rain, and during night time. These hazards are representative 
of such objects which drivers are required to manoeuvre around in order to avoid collisions. 
The difficulty that the glaucoma group faced in this driving measure may also be a reflection 
of their impaired hazard detection abilities, as was reported in Experiment 2. 
Interestingly, sign recognition score did not differ significantly between groups, which is in 
contrast to some previous closed-road experiments that demonstrated reduced road sign 
recognition scores with simulated cataracts and optical blur, as compared to best-corrected 
vision (Wood, et al., 2009a; Wood, et al., 2014a). However, these simulated visual 
impairments primarily affected central vision, while glaucoma results in reduced visual field 
sensitivity. Closed-road studies of older drivers with true visual impairment from a variety of 
ocular conditions, on the other hand, have produced more variable results, with one study 
reporting a significant reduction in sign recognition scores relative to controls (Wood, 1999), 
while another did not (Wood, 2002a). 
Lane-crossing time and course completion time did not significantly differ between groups, 
consistent with the results from previous closed-road studies (Wood, 1999, 2002a) that 
compared the driving performance of older drivers with true visual impairment to those with 
Experiment 3 
 
 
123 
normal vision. On the other hand, an open-road experiment (Bowers, et al., 2005) found a 
correlation between increased visual field loss and poorer lane positioning when driving 
around curves among older drivers with visual impairment from glaucoma or retinitis 
pigmentosa. These discrepancies in driving performance component measures are likely to be 
due to the different road conditions, which is likely to influence driving behaviour in different 
ways. Compared to the current closed-road condition, which is representative of rural roads, 
the open-road may include more cluttered highways and urban roads, where the presence of 
other traffic and road users pose higher demands and safety risks on drivers. 
5.4.2. Glaucoma and on-road scanning behaviour 
In contrast to the study hypothesis, as well as the findings from Experiment 2, the glaucoma 
group exhibited larger saccades and search variances than the controls, which are suggestive 
of increased visual search activity. The larger saccades among the older drivers with 
glaucoma observed in the current study is also at odds with the notion that saccade 
amplitudes are decreased in the presence of visual field loss, as reduced visual field 
sensitivity results in a lack of visual stimuli towards which saccades can be initiated 
(Cornelissen, et al., 2005; Vargas-Martin & Peli, 2006). Previous laboratory-based studies, on 
the other hand, reported no significant difference in saccade amplitudes between glaucoma 
and control participants while performing the HPT (Crabb, et al., 2010), simulator driving 
(Prado Vega, et al., 2013), and a visual search task on photographs of everyday scenes 
(Smith, et al., 2012). These conflicting findings between the various laboratory-based tasks 
and the current on-road experiment are likely to arise from the differences in the visual 
demands of the various tasks. Compared to laboratory-based tasks, on-road driving subtends 
a much larger visual angle with the driver physically moving through the driving 
environment that comprises a variety of moving objects at a range of distances. The scanning 
behaviours of drivers observed during the closed-road drive are therefore likely to be more 
representative of those under in-traffic conditions, as compared to laboratory-based tasks. 
Furthermore, because of the relatively higher risks involved, on-road driving places more 
demand on the participant to be visually-aware of the driving scene in order to safely 
complete the drive. The older drivers with glaucoma may therefore have felt the need to scan 
the real-world driving environment more thoroughly to compensate for their visual loss, thus 
increasing their saccade amplitudes and search variances, as opposed to the visually-normal 
controls who could rely on their intact visual fields to monitor the environment. This brings 
up the notion of compensation for visual loss, where those with visual field impairments 
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exhibit eye movement alterations suggestive of increased scanning of the visual scene. The 
changes in eye movement patterns found in the current experiment may be an indication of 
some compensation for patients’ visual field impairments. 
Indeed, there was some evidence of an effective compensatory behaviour by increasing 
saccade amplitudes among the older drivers with glaucoma. Even though the glaucoma group 
performed poorer on average than the controls in this closed-road experiment, as seen in 
Figure 5.8, the participants in the glaucoma group who exhibited larger saccades 
demonstrated similar driving performance to the controls (with the exception of the outlying 
data point). This association between saccade amplitude and driving performance in the 
glaucoma group suggests some form of effective compensatory behaviour for glaucomatous 
visual deficits through alteration of eye movement patterns. Findings from earlier driving and 
non-driving studies have likewise suggested that older adults with glaucoma could possibly 
compensate for their visual loss by increasing their saccade amplitudes. For instance, in the 
driving simulator study by Kubler et al. (2015), larger saccades were observed among older 
drivers with glaucoma who passed the driving test as compared to those who failed and the 
controls. In another study, Glen et al. (2013) noted that larger saccades correlated with better 
performance on a face recognition task among older adults with glaucoma but not controls, 
suggesting that making larger saccades may be beneficial for those with visual field defects. 
The HPT findings of Experiment 2, where larger saccades are associated with faster hazard 
response in the glaucoma group but not the controls, also suggests possible compensatory 
processes occurring among older adults with glaucoma.  
As expected, the number of fixations per second did not differ between groups. Although this 
is consistent with an earlier driving simulator study (Prado Vega, et al., 2013), as well as the 
findings in Experiment 2, some studies have reported otherwise. Crabb et al. (2010), for 
example, found higher fixation rates among glaucoma patients while performing the HPT. 
Interestingly, the same group of researchers (Smith, et al., 2012) reported lower fixation rates 
in their glaucoma group relative to the controls during a visual search task on  photographs of 
everyday scenes. There are a few possible explanations for the disagreements on the impact 
of glaucoma on saccade and fixation characteristics. First, the task and performance measures 
in the various studies are vastly different. While previous experiments were laboratory-based 
(Crabb, et al., 2010; Smith, et al., 2012) or in a driving simulator (Prado Vega, et al., 2013), 
the current experiment was conducted on the road, which inherently requires drivers to 
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visually search the visual scene while simultaneously controlling the vehicle and avoiding 
potential traffic hazards. A second reason could be related to the heterogeneous nature of 
glaucomatous visual field defects. For example, glaucomatous vision field loss can start with 
a nasal step, superior arcuate, or an apparent blind spot enlargement (Broadway, 2012). There 
have been some reports regarding the functional impact of defects in different areas of the 
visual field on driving performance, however the findings have been conflicted. In one study 
(Glen, et al., 2014), simulated superior field defects resulted in more impaired hazard 
detection performance in the laboratory than did simulated inferior field defects, while 
another study found that severe loss in the lower and left areas of the visual field was more 
strongly associated with higher crash rates (for a right-hand traffic) than upper and right field 
loss (Huisingh, et al., 2015b). Hence, it is possible that different types of field defects may 
influence eye movement patterns in different ways. However, given that the current study is 
exploratory with a limited sample size, it was not powered to conduct this analysis. 
Nevertheless, the effect of different areas and types of visual field defects on eye movement 
patterns is worthy of future investigations. 
Interestingly, the glaucoma group did not exhibit any significant increase in lateral head 
movements compared to the controls. This is contrary to previous research that suggests that 
drivers with visual field impairments would make more head movements, in conjunction with 
increasing their eye movements, in order to scan the driving environment to compensate for 
their visual deficits. For example, an open-road experiment (Wood, et al., 2011) found that 
drivers with homonymous hemianopia made more extensive head movements than controls, 
especially amongst those drivers who were rated as safe to drive on the open-road. However, 
like the current experiment, a recent driving simulator study (Bahnemann, et al., 2015) did 
not find any difference in head movements between drivers with visual field impairment from 
homonymous hemianopia and quadrantanopia, and visually-normal controls. Likewise, 
Kasneci et al. (2014) demonstrated that drivers with glaucoma and hemianopia, who passed 
an open-road assessment, made no significant increase in head movements compared to 
controls. However, the same report observed that patients who failed the assessment did 
make significantly smaller extents of head movements than those who passed and the 
controls. These conflicting findings may be due the difference in type of driving task in the 
different studies (Owsley, et al., 2015). The studies that found some group difference in head 
movements were conducted on the open-road (Kasneci, et al., 2014; Wood, et al., 2011), 
while the studies that found no group difference, the current study and Bahnemann et al.’s 
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experiment (2015), were conducted on the closed-road and in a driving simulator 
respectively. Open-road driving is intrinsically more visually and cognitively demanding as it 
requires the driver to be alert to unexpected road events and other road users, as well as 
requires the driver to perform more complex driving manoeuvres such as merging into traffic. 
On the other hand, in the current closed-road experiment, participants were aware of the 
absence of other pedestrians and vehicles prior to the driving assessment, while simulator 
driving has minimal risk and real-world consequences (Owsley, et al., 2015). Compared to 
driving on the open-road, closed-road and simulator driving place relatively less pressure on 
the drivers; drivers may therefore exhibit more extensive head movements on the open-road, 
due to the need to be aware of other road users. Nonetheless, given the conflicting and 
limited findings, more studies are warranted to better appreciate the scanning behaviour of 
those with visual impairment during on-road driving. 
5.4.3. Vision predictors of driving performance 
Several vision measures were significantly associated with closed-road driving performance, 
including contrast sensitivity, the UFoV subtest 2 (divided attention), dot motion sensitivity, 
and all four measures of visual fields. The strongest predictor of closed-road driving 
performance was better eye MD, such that overall driving z-score worsened by 1.1 units with 
every 5 dB decrease in better eye MD. While it is reasonable to expect that drivers with 
visual impairment would rely more on their better eye to receive visual information, this is a 
surprising finding as previous studies have reported that crash risk (Haymes, et al., 2007; 
McGwin, et al., 2005; Ono, et al., 2015) and on-road driving performance (Haymes, et al., 
2008) were most strongly associated with worse eye MD. Additionally, Experiment 2 found 
that performance on the DriveSafe and HPT was more strongly linked with worse eye MD, in 
comparison with better eye MD, IVF, and binocular Esterman. Nevertheless, this study 
further demonstrated that visual field deficits, whether measured in the better eye, worse eye, 
or binocularly, have a negative impact on driving performance, which supports the findings 
of previous studies on the association between visual field loss and increased crash risk 
(Glen, et al., 2014; Huisingh, et al., 2015b; McGwin, et al., 2015; McGwin, et al., 2005; Ono, 
et al., 2015), as well as poorer driving performance in the simulator (Szlyk, et al., 2005) and 
on the open-road (Bowers, et al., 2005; Haymes, et al., 2008; Kasneci, et al., 2014).  
Contrast sensitivity was significantly associated with closed-road driving performance, 
contrary to the HPT findings of Experiment 2 (Section 4.3.3), where contrast sensitivity was 
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not a significant predictor of hazard response time. The link found between contrast 
sensitivity and driving performance in the present study may be partly related to the low-
contrast hazards involved in this closed-road experiment, the detection and avoidance of 
which is likely to be reliant on good contrast sensitivity. Previous closed-road experiments 
have similarly noted significant associations between contrast sensitivity and overall driving 
performance (Wood, 2002a), as well as recognition of road signs, pedestrians, and low-
contrast road hazards (Wood & Owens, 2005). Among older drivers with glaucoma, open-
road studies likewise observed that reduced contrast sensitivity was linked to decreased 
ability to maintain an appropriate speed, steering steadiness, as well as total satisfactory 
manoeuvres relative to controls (Bowers, et al., 2005; Haymes, et al., 2008).  
In agreement with previous studies, dot motion sensitivity was a significant predictor of 
driving-related performance, including laboratory-based hazard detection (Lacherez, et al., 
2014a; Lacherez, et al., 2014b), perception of movement in driving scenes (Lacherez, et al., 
2014b), and on-road driving performance (Wood, et al., 2008; Worringham, Wood, Kerr, & 
Silburn, 2006). Interestingly, Gabor motion sensitivity was not a significant predictor of 
driving performance, which is at odds with the findings of Experiment 2, where Gabor 
motion sensitivity was the strongest predictor of HPT performance in the laboratory (Section 
4.3.3). Previous studies also observed that Gabor motion sensitivity was a better predictor of 
hazard response time in the laboratory than dot motion sensitivity (Lacherez, et al., 2014a; 
Lacherez, et al., 2014b). However, there is currently no report on which of the motion 
sensitivity measures (dot or Gabor motion) is a stronger predictor of on-road driving 
performance. The current findings suggest that, in this sample of drivers, dot motion 
sensitivity may be more strongly associated with on-road driving performance than the 
drifting Gabor patch, while the reverse was true for associations with performance on 
laboratory-based driving-related tasks such as those in Experiment 2. However, more studies 
are warranted for these relationships to be confirmed. 
5.4.4. Effect of clutter on scanning behaviour 
Both groups of participants made more fixations per second and had shorter average fixation 
durations during the cluttered segment of the drive than the uncluttered. This is likely to be 
due to the drivers’ need to frequently shift their gaze between the numerous road signs in the 
cluttered segment. In the uncluttered segment, where there were only four pieces of road sign 
information to be read, drivers had more time to fixate on the road signs and other features of 
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the driving environment. Similar findings were reported in a HPT study by Chapman and 
Underwood (1998), who noted that drivers’ average fixation durations were much shorter 
(which means more fixations per second) while viewing video clips of urban driving 
environments, which are inherently more visually-cluttered than viewing rural ones. 
When driving through the cluttered segment, both groups of drivers made more extensive 
head movements, which indicates an increase in visual scanning behaviour, although they 
also exhibited reductions in their saccade amplitudes, and horizontal and vertical search 
variance. This may be due to the large visual angle that the driving scene subtends, and the 
fact that the road signs and information are usually at the side of the road rather than straight 
ahead. Drivers may be more reliant on their head movements to direct their gaze towards the 
peripherally-located road signs than dependent on their eye movements due to the 
neurological and mechanical limitations of the extraocular muscles (Guitton & Volle, 1987). 
In the cluttered segment, it was noted that the glaucoma group made significantly fewer 
fixations per second than the controls, but this group difference was not observed in the 
uncluttered segment. This suggests that the glaucoma group were not changing their fixation 
rates as much as the controls in order to scan the visually-cluttered road environment. 
However, given that there were no other group by segment interaction effects on the other 
measures of scanning behaviour, this finding should be considered conservatively, and the 
interaction effects of visual impairment and visual clutter on drivers’ eye movement patterns 
should be explored in future studies. 
5.4.5. Study strengths and limitations 
The current study should be considered in terms of its strength and limitations. First, a 
strength of this study was the assessment of drivers with glaucoma, which allowed 
investigation of the effects of true visual impairment, rather than simulated impairment, on 
closed-road driving performance and scanning behaviour. Second, conducting the experiment 
on a closed-road circuit enabled more control over testing parameters than during an in-traffic 
driving task, where the locations of hazards and traffic conditions vary; thus, it was 
appropriate to explore the effect of glaucoma on specific outcome measures such as hazard 
avoidance and road sign recognition. 
However, closed-road experiments have their limitations. As in any field study, weather 
conditions cannot be controlled, however, the study was only conducted during clear to 
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slightly cloudy weather, when the roads were dry, which ensured some consistency in road 
conditions. Furthermore, the hazards used in this closed-road experiment were stationary, and 
there were no other road users such as pedestrians and vehicles that could move into a 
drivers’ field of view from the far periphery. Nonetheless, while this is not representative of 
real-world driving in traffic, it minimised the influence of external events that are outside of 
the examiner’s control, and that might affect driving performance. Another limitation was the 
use of a non-standard method of tracking head movements. Nonetheless, this method is more 
advantageous than manually quantifying head movements by video observation as has been 
undertaken in previous on-road driving studies (Kasneci, et al., 2014; Wood, et al., 2011). In 
addition, it is likely that the participants who volunteered to be part of the study, particularly 
those in the glaucoma group, were more high functioning and confident drivers than those 
with similar visual impairments in the general driving population, potentially resulting in an 
underestimation of the true impact of glaucomatous visual impairment on closed-road driving 
performance. Finally, the study included a small sample size, which may have resulted in a 
lack of statistical significance in some of the analyses. In spite of these limitations, significant 
group differences in driving performance and scanning behaviour were observed, with a large 
effect size (Cohen’s d of 0.96) and statistical power (0.99) for the between-group difference 
in overall driving performance. Nevertheless, replication studies with larger sample sizes are 
necessary to confirm the current findings. 
5.5. Conclusion 
This study demonstrated that the closed-road driving performance of older drivers with 
glaucoma was significantly poorer than that of age-matched controls. The glaucoma group 
appeared to have the most difficulty with the detection and avoidance of low-contrast 
hazards, providing evidence of their impaired hazard detection ability as demonstrated in 
Experiment 2. Poorer overall driving performance was strongly associated with poorer visual 
fields, as well as reduced UFoV and motion sensitivity, which is consistent with the findings 
from Experiment 2 and previous studies. 
Changes in eye movement patterns that are suggestive of increased scanning activity were 
noted in the glaucoma group, including larger saccades and search variances. While the 
glaucoma group, on average, had poorer overall driving performance than the controls, most 
of the drivers in the glaucoma group who made larger saccades were able to perform as well 
as the controls in this assessment. This suggests that certain alterations in eye movement 
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patterns may be advantageous for older drivers with glaucoma in improving their driving 
performance. Further on-road experiments with larger sample sizes are necessary to ascertain 
this relationship between eye movement patterns and driving performance among older 
drivers with visual impairment. 
As the number of older drivers increase, including those affected by visual impairment, it is 
important to explore their scanning behaviour within the driving environment in order to 
obtain a deeper insight of the mechanisms underlying their elevated traffic crash risk. The 
current findings contribute to the current literature on the scanning behaviour of older drives 
with visual impairment, and serve as a basis for further on-road explorations, including those 
conducted under in-traffic conditions.  
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 Summary and Conclusions 
6.1. Overview 
Declines in visual function are well-known to negatively affect driving performance, placing 
drivers at higher risk of traffic crashes. Older drivers are particularly vulnerable to this 
elevated risk, given the age-related physiological deteriorations of the visual system (Elliott, 
et al., 1995; Gittings & Fozard, 1986; Haegerstrom-Portnoy, et al., 1999; Harman, et al., 
2000; Jackson, et al., 2002; Owsley, et al., 1983; Panda-Jonas, et al., 1995; Sekuler & 
Sekuler, 2000). Moreover, the prevalence of ocular disease and visual impairment become 
greater with increasing age (Attebo, et al., 1996; Ivers, et al., 1998; Taylor, et al., 2005; Van 
Newkirk, et al., 2001; Wang, et al., 2000), and these visual changes has been shown to reduce 
on-road (Szlyk, et al., 1995; Wood, 2002a; Wood, et al., 2016) and simulator driving 
performance (Kubler, et al., 2015; Kunimatsu-Sanuki, et al., 2015; Szlyk, et al., 1995), as 
well as further elevate crash risk (McGwin, et al., 2004; McGwin et al., 2013; Owsley, et al., 
1998b). 
In spite of the evidence of increased crash risk and reductions in driving performance with 
visual impairment among older adults, the mechanisms underlying these associations are 
poorly understood. One way of better understanding the impact of visual impairment on 
driving ability is by tracking drivers’ eye movement patterns. Eye movements are a 
component of the visual system that play a vital role in visual search of the environment, 
directing the fovea towards areas of interest to provide the visual system with fine-detail 
information, as well as increased awareness of the periphery. Exploring the eye movement 
patterns of an individual can provide valuable information on where visual attention is 
directed, and in driving, this has proved to be extremely useful. For example, on-road 
(Mourant & Rockwell, 1972) and simulator driving experiments (Konstantopoulos, et al., 
2010) have demonstrated that novice drivers exhibit gaze behaviours indicative of reduced 
scanning of the driving environment, particularly more centrally-located gaze positions and 
fewer fixations on road hazards (Konstantopoulos, et al., 2010; Mourant & Rockwell, 1972); 
this has provided valuable insight into why novice drivers have higher crash risk than 
experienced drivers (Massie, et al., 1995). 
A logical extension to this application of eye movement tracking while driving is in other 
groups of high-risk drivers, such as older drivers with visual impairment. Changes in eye 
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movement patterns among individuals with visual impairment have previously been 
demonstrated during everyday activities, such as walking (Cheong, et al., 2008; Geruschat, et 
al., 2006; Turano, et al., 2002; Turano, et al., 2001; Vargas-Martin & Peli, 2006), reading 
(Bullimore & Bailey, 1995; McDonald, et al., 2006; Rubin & Feely, 2009), and searching for 
objects in the physical world (Jacquin-Courtois, et al., 2013; Sippel, et al., 2014). Some of 
these eye movement changes have been suggested as possible adaptive behaviours to 
compensate for visual loss, enabling those with visual impairment to perform these everyday 
activities more safely and efficiently (Jacquin-Courtois, et al., 2013; Mannan, et al., 2010), 
allowing them to maintain some level of independence. Eye movement patterns are therefore 
also likely to alter while driving in the presence of visual impairment, and may act as 
compensatory processes to improve driving performance. However, the eye movement 
patterns of older drivers with visual impairment have received little attention in the literature, 
with only a few number of studies conducted on small samples of drivers with visual 
impairment (Crabb, et al., 2010; Kasneci, et al., 2014; Kubler, et al., 2015; Prado Vega, et al., 
2013). 
The purpose of this PhD program was to expand on this literature and obtain a better 
understanding of the impact of visual impairment on drivers’ eye movements while they 
performed various driving-related tasks. Three experiments were conducted to address this 
aim and a summary of each is provided in the next section 
6.2. Summary and major findings of experiments 
6.2.1. Experiment 1 
Effects of blur, auditory distractors, and age on eye movements and performance on 
laboratory-based driving-related tasks 
This study investigated the effects of optical blur on eye movement patterns and performance 
on laboratory-based driving-related tasks. The use of optical blur provided a useful way of 
exploring the impact of uncorrected refractive error, which is the most common cause of 
visual impairment worldwide (Congdon, et al., 2003; Resnikoff, Pascolini, Mariotti, & 
Pokharel, 2008) and in Australia (Taylor, et al., 2005; Wang, et al., 2000). The effects of 
auditory distractors on the eye movement patterns and performance on the tasks were also 
explored. The negative impact of distractors on driving and associated changes in eye 
movement patterns are often reported (Hammel, et al., 2002; Harbluk, et al., 2007; McPhee, 
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Scialfa, Dennis, Ho, & Caird, 2004; Recarte & Nunes, 2000; Shiferaw, Stough, & Downey, 
2015; Sodhi, et al., 2002), but its interaction with visual impairment on drivers’ eye 
movement patterns has not been described. With the increasing use of distractive 
technological devices in the vehicle, along with the ageing population, it is possible that there 
will be an increase in the number of drivers with visual impairment using such devices whilst 
driving. The study included young and older drivers, which allowed an investigation of age 
differences in eye movement patterns and task performance. 
A counterbalanced repeated-measures study was conducted on 20 young (mean age = 27.1 ± 
4.6 years; range: 18 to 35 years) and 20 older drivers (mean age = 73.3 ± 5.7 years; range: 65 
to 88 years) with normal vision. Participants completed two laboratory-based driving-related 
tasks, the DriveSafe and the HPT, while their eye movements were recorded. The DriveSafe 
was performed under two visual conditions (best-corrected vision and with +2.00 DS blur), 
while the HPT was performed under two visual conditions (best-corrected/blur) and two 
distractor conditions (without/with auditory distractors). The main performance measures 
were the DriveSafe score and hazard response time, while eye movement measures included 
the number of fixations per second, average fixation duration, average saccades amplitude, 
and horizontal and vertical search variances. Additional task-specific gaze parameters 
included the total fixation duration on the road users in the DriveSafe, as well as time to first 
fixation on hazards and fixation duration on hazards before response on the HPT. The major 
findings from this experiment are presented below with respect to the specific research 
questions.  
A) How does optical blur affect performance on the DriveSafe and HPT, and how do eye 
movement patterns change in the presence of optical blur? 
With blur, both groups of drivers identified significantly fewer features of road users in the 
DriveSafe and had delayed hazard response times. These findings align with previous closed-
road experiments (Wood, et al., 2009a; Wood, et al., 2007) showing reductions in the ability 
to detect pedestrians and low-contrast hazards with optical blur. An interesting observation 
was that optical blur affected the performance of the younger drivers to a larger extent than 
the older drivers on the DriveSafe, but not on the HPT. Similar differential effects of blur 
with age have been described elsewhere, specifically for recognition of texts and figures 
(Jung & Kline, 2010; Kline, et al., 1999), and night-time pedestrian detection on the closed-
road (Wood, et al., 2015). This increased tolerance to blur among older adults is reportedly in 
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part due to age-related pupillary miosis and neural adaptation (Jung & Kline, 2010; Kline, et 
al., 1999). However, daytime closed-road experiments have shown that the driving 
performance of young adults are not more affected by blur than older drivers (Wood, et al., 
2009a; Wood, et al., 2007). The findings from the current study are unique, given that the 
same sample of drivers completed two different driving-related tasks, and showed varied 
effects of blur tolerance between the two tasks. The findings of this study indicate that optical 
blur may affect different age groups to varying extents, but that these effects are highly 
dependent on the visual demands of the task.  
In both groups of drivers, blur was found to result in smaller saccades, narrower horizontal 
search variance, and shorter fixation duration on the road users during the DriveSafe. These 
alterations reflect the difficulty of the drivers in viewing finely-detailed visual scenes and 
selecting the relevant fixation targets in the presence of blur. Conversely, optical blur did not 
result in these eye movement changes during the HPT. In fact, blur did not delay first fixation 
on hazards as hypothesised, although the drivers increased their fixation duration on the 
hazards prior to responding, indicating that they required longer to make judgements 
regarding the hazardous nature of road users in the presence of blur. These findings 
demonstrated that optical blur affected eye movements in different ways depending on the 
characteristics of the visual scene, whether it is static (DriveSafe) or dynamic (HPT), and the 
level of detail required to complete the task. Regardless of the specific visual characteristics 
of the task these eye movement alterations are reflective of decreased performance on the 
respective tasks. 
B) How do auditory distractors affect performance on the HPT, and how do eye 
movement patterns change in the presence of distractors? 
Auditory distractors had a considerable impact on hazard response times, with the older 
drivers being more affected than the young drivers. While there have been previous 
observations of the greater difficulty that older adults face in performing divided attention 
tasks during closed-road (Wood, et al., 2007) and simulator driving (Ponds, et al., 1988), this 
is the first study to report that older drivers take significantly longer to respond to hazards 
than their younger counterparts in the presence of auditory distractors. 
Several measures of eye movement patterns were altered in the presence of distractors, which 
is likely to reflect increased scanning of the visual scene, including increased fixations per 
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second, saccade amplitudes, and horizontal search variances, as compared to the no-distractor 
condition. In spite of these changes, the delay in time to first fixation on the hazards indicates 
that attention is being diverted from the hazards in favour of completing the distractor task. 
C) How does age affect performance on the DriveSafe and HPT, and how do eye 
movement patterns differ between young and older drivers? 
DriveSafe scores and hazard response time did not differ significantly between young and 
older drivers. The older drivers, however, exhibited smaller saccades, narrower horizontal 
search variance, but larger vertical search variances than the young drivers during both tasks, 
and delayed first fixation on the hazards on the HPT. Interestingly, these changes in eye 
movement patterns among the older drivers are indicative of reduced visual scanning of the 
visual scene relative to the younger drivers, even though their task performances were 
comparable. This may be attributed to the longer driving experience of the older drivers, 
which enabled them to identify hazards more quickly, thus maintaining a level of hazard 
detection ability comparable to that of their younger counterparts. 
6.2.1.1 Implications of findings 
With the ageing population, the number of older drivers on the road is expected to rise, 
including those with uncorrected refractive error. This is a cause for concern as the current 
study demonstrated that uncorrected refractive error, in the form of optical blur, resulted in 
reduced identification of road users and delayed hazard response time in the laboratory. 
Furthermore, drivers’ difficulty in viewing the visual scene is reflected by their reduced 
visual attention allocated to the DriveSafe road users, and the need to look at the hazards for 
longer before responding. These findings highlight the need for drivers to wear their optimal 
refractive correction to enhance road safety. While optical blur and auditory distractors did 
not produce an interaction effect on hazard response times, it is evident that auditory 
distractors have considerable impacts on the road safety of drivers, and this has important 
implications for driving safety given the increasing complexity of the modern driving 
environment, as well as the use of potentially distractive devices in the vehicle. 
As the current study simulated uncorrected refractive error with optical blur, further 
experiments on drivers with habitual uncorrected refractive error should be conducted to 
better understand how these findings relate to true uncorrected refractive error as well as 
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other forms of visual impairment. The findings from the current experiment serve as a basis 
to inform future eye tracking and driving-related studies in this area. 
6.2.2. Experiment 2 
Eye movements and performance of older adults with glaucoma on laboratory-based 
driving-related tasks 
A case-control study was conducted to investigate how eye movement patterns and 
performance on laboratory-based driving-related tasks are affected by glaucoma, which is a 
major cause of visual impairment among older adults globally (Quigley & Broman, 2006; 
Resnikoff, et al., 2004; Tham, et al., 2014) and in Australia (Rochtchina & Mitchell, 2000; 
Taylor, et al., 2005). Unlike refractive error, glaucomatous vision loss is irreversible, and has 
been linked to increased crash risk (Taylor, et al., 2005), as well as reduced on-road 
(Haymes, et al., 2008; Wood, et al., 2016) and simulator driving performance (Kunimatsu-
Sanuki, et al., 2015). A commonly suggested reason for the decreased driving ability and 
safety of individuals with glaucoma is their inability to efficiently detect and respond to road 
hazards (Crabb, et al., 2010; Haymes, et al., 2008). However, the road hazard detection 
ability of drivers with glaucomatous visual field loss has not been well explored. 
Thirty-one older drivers with glaucomatous vision defects (with a worse eye visual field MD 
of ≤ −4 dB) and 25 age-matched controls completed a range of vision function, vision 
processing, cognitive, and postural sway assessments. Participants then completed the 
DriveSafe and HPT while their eye movements were recorded. The main performance and 
eye movement measures were the same as those of Experiment 1. The major findings from 
this experiment are presented below in relation to the specific research questions. 
A) How does glaucomatous visual impairment affect performance on the DriveSafe and 
HPT among older drivers? 
The older drivers with glaucoma had significantly poorer DriveSafe scores than the controls, 
although most of the participants in the glaucoma group performed well enough to achieve a 
passing score on the test, according to the cut-off set by the developers. This suggests that 
while their level of ability to identify features of road users is decreased compared to the 
controls, it may not be reduced to the extent that they would be rated as unfit to drive based 
on the DriveSafe test alone. However, given the novelty of the DriveSafe and limited 
research on it, this finding should be interpreted conservatively. 
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On the HPT, an important finding was that the older drivers with glaucoma, even among 
those with early to moderate visual field impairments (as graded by the GSS in the worse 
eye), were slower to respond to hazards than the controls. Under in-traffic conditions, this 
delay in hazard response time may increase the likelihood of a collision or near-miss. This 
finding aligns with research showing increased crash risk (Kwon, et al., 2015; McGwin, et 
al., 2015; McGwin, et al., 2005) and decreased driving performance (Haymes, et al., 2008; 
Wood, et al., 2016) among older adults with glaucoma. 
B) How does glaucomatous visual impairment affect the task-associated eye movement 
patterns among older drivers? 
While performing both the DriveSafe and HPT, the glaucoma group exhibited smaller 
saccades than the controls. The smaller saccades exhibited by the glaucoma group may be 
due to the decrease in sensitivity in parts of their visual field, resulting in reduced visual 
stimulation in those areas that could prompt saccades. This is reflected by the reduced 
fixation duration on the DriveSafe road users and delayed first fixation on the HPT hazards, 
which are suggestive of reduced visual attention focused on relevant areas in these visual 
scenes. 
C) Is there a link between task performance and measures of eye movement patterns 
among the older drivers with glaucoma? 
Larger saccades were significantly associated with faster hazard response times on the HPT 
among the older drivers with glaucoma, but this was not apparent among the visually normal 
controls. Similar observations have been made in other driving (Kubler, et al., 2015) and non-
driving studies (Glen, et al., 2013), in which larger saccades were found to be correlated with 
better task performance among glaucoma patients. It is possible that making larger saccades 
is part of a modification in search behaviour that some older drivers with glaucoma adopt to 
compensate for their visual loss while performing the HPT. However, this link was not 
observed during the DriveSafe in the current experiment. Furthermore, only an association 
between saccade amplitudes and task performance was found in the current and previous 
studies (Glen, et al., 2013; Kubler, et al., 2015); and caution must be exercised in inferring 
any causal relationship between these parameters. 
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6.2.2.1 Implications of findings 
A commonly proposed reason for reduced driving performance among older drives with 
glaucoma is impaired ability to detect traffic hazards (Crabb, et al., 2010; Haymes, et al., 
2008). The results of this study provide some experimental evidence to support this 
suggestion, given the delayed hazard response times of this sample of older drivers with 
glaucoma. Moreover, the glaucoma group’s difficulty in viewing the driving scenes is 
demonstrated by alterations in their eye movement patterns, including reduced saccade 
amplitudes and delayed first fixation on the hazards. The link between larger saccades and 
faster hazard response time in the glaucoma group may suggest some form of compensatory 
eye movement behaviour. However, further exploration is warranted to confirm this 
hypothesis. These findings provide valuable information on the visual scanning behaviour of 
older drivers with glaucoma, as well as how they allocate their attention on other road users 
and potential road hazards while viewing real-world driving scenes. The outcomes of this 
study also serve as a basis for future on-road driving experiments to determine how drivers 
scan the actual driving environment whilst simultaneously controlling the vehicle. 
6.2.3. Experiment 3 
Eye movements and driving performance of older adults with glaucoma on a closed-
road 
This case-control study compared the eye and head movement patterns and closed-road 
driving performance of older drivers with glaucomatous visual impairment to those of age-
matched controls. Even though the laboratory-based tasks in Experiment 2 are indicators of 
driving performance and safety, this study is important to further investigate eye movement 
patterns and performance during an actual driving task. 
Fourteen older drivers with glaucomatous vision defects (visual field MD ≤ −4 dB in the 
worse eye) and ten age-matched controls with normal vision underwent measurements of 
their visual function and visual processing abilities. Participants drove around a closed-road 
circuit while their eye and head movements were recorded. Performance was assessed as an 
overall driving score, which was derived from three component measures, including low-
contrast hazard avoidance, sign recognition, and lane crossing time. Five measures of eye 
movements were analysed: number of fixations per second, average fixation duration, 
average saccade amplitude, and horizontal and vertical search variances; as well as one 
measure of head movements: variance of head yaw (left and right head turns). The main 
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findings from this experiment are provided and discussed as follows according to the specific 
research questions. 
A) How does glaucomatous visual impairment affect closed-road driving performance 
among older drivers? 
Overall driving performance was significantly poorer among the older drivers with glaucoma 
relative to the controls, and the component driving measure that was most problematic in the 
glaucoma group was low-contrast hazard avoidance. This deterioration of hazard avoidance 
performance is likely because the drivers failed to see the hazards in time to avoid them, or 
completely failed to notice them. This finding aligns with those from the laboratory-based 
HPT in Experiment 2, where the glaucoma group exhibited more delayed hazard response 
times than the controls. This study provides evidence for the impaired hazard detection 
ability of older drivers with glaucoma, which may be one of the factors underlying their 
increased crash rates (Haymes, et al., 2007; McGwin, et al., 2015; McGwin, et al., 2005). 
B) How does glaucomatous visual impairment affect the eye movement patterns of older 
drivers during closed-road driving? 
The older drivers with glaucoma exhibited increased saccade amplitudes, horizontal search 
variances, and vertical search variances during the closed-road drive. This is in contrast to the 
proposed hypothesis, which predicted smaller saccades in the glaucoma group compared to 
the controls, and no group difference in search variances, based on the findings of 
Experiment 2. These discrepancies may be related to the difference in the characteristics of 
the visual scene between the closed-road driving and laboratory-based tasks. Because real-
world driving engages almost the entire field of vision, more scanning activity may be 
required for the drivers with glaucoma to perform the driving task because of their visual 
deficits, as opposed to the controls who could rely on their intact visual field to monitor the 
environment. In contrast, the laboratory-based tasks in Experiment 2 engage a relatively 
small area of the visual field (34° × 15° on the HPT), thus scanning behaviour is constrained 
compared to that involved in real-world driving. However, it seems that this modification in 
scanning behaviour exhibited by the older drivers with glaucoma, if intended to be 
compensatory, did not significantly improve task performance to a level similar to that of the 
controls. Nevertheless, there was some evidence of effective compensatory behaviour 
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through alterations in the eye movements of the glaucoma group, which addresses the next 
research question. 
C) Is there a link between measures of eye movement patterns and closed-road driving 
performance among the drivers with glaucoma? 
The association between larger saccades and task performance in the glaucoma group, but not 
the controls, suggests that some of the older drivers with glaucoma may have adopted 
different eye movement patterns that were effective in improving their driving performance. 
This notion of compensatory behaviours has been suggested in previous driving (Kasneci, et 
al., 2014; Kubler, et al., 2015) and non-driving studies (Glen, et al., 2013), as well as during 
the HPT in Experiment 2. However, given the relatively small sample sizes in the current and 
previous studies, as well as the novelty of the findings, further investigation is warranted 
before any concrete suggestions of compensatory processes can be made. 
6.2.3.1 Implications of findings 
Older drivers with glaucoma demonstrated comparable ability to read road signs and 
maintain lane position to controls, yet hazard detection was a significant problem for this 
group of drivers. This finding agrees with those of Experiment 2, in which the older drivers 
with glaucoma demonstrated delayed hazard detection; and also support the suggestions of 
previous studies that hazard detection ability is reduced among older drivers with glaucoma, 
which is possibly a major contributing factor to their elevated crash rates (Kwon, et al., 2015; 
McGwin, et al., 2015; McGwin, et al., 2005). During in-traffic conditions, drivers do not 
usually have the luxury of driving over a hazard, as they did in this assessment, which may 
potentially result in much more severe consequences. The glaucoma group exhibited eye 
movement patterns suggestive of greater visual scanning activity than the controls, and there 
was evidence that making larger saccades may be beneficial in improving the closed-road 
driving performance of this group of older drivers with glaucoma. It is necessary to further 
explore the link between saccade amplitudes and driving performance among a larger sample 
of older adults with glaucoma. 
6.3. Future research 
This research program has contributed novel knowledge on how the road scanning behaviour 
of older drivers is affected by visual impairment arising from optical blur and glaucoma. 
Nonetheless, further research is required to expand on this understanding of the eye 
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movements of drivers with visual impairment, particularly to guide potential interventions to 
improve performance on important daily activities such as driving. Furthermore, there were 
some limitations of the current research that may be faced in future research on similar 
topics. This section provides recommendations on potential solutions to address these 
limitations, as well as suggestions for future investigations. 
Given the novelty of the findings, further studies are warranted to ascertain the effects of blur 
and age on drivers’ eye movement patterns. Such studies should also examine the impact of 
various levels of blur on eye movement patterns, given that only one level of blur was used in 
this research, as well as incorporate a range of visual scenes to explore the differential effects 
of static/dynamic visual scenes and under different lighting levels. The eye movement 
patterns of older drivers should likewise be further explored to better appreciate how their 
search behaviour differs from the young, which may provide further insight into their 
elevated crash rates. Experiment 1 additionally observed a possible age-related blur tolerance 
effect on task performance. However, the findings were conflicting, with the effect only 
apparent during the DriveSafe but not the HPT; findings from earlier studies were similarly 
contradictory (Jung & Kline, 2010; Kline, et al., 1999; Wood, et al., 2015). Further studies on 
this topic are therefore warranted, and since it is possible that age-related blur tolerance is 
only apparent while viewing certain types of visual scenes, studies on age-related blur 
tolerance should similarly incorporate a range of visual scenes (i.e. static/dynamic, high/low-
lighting levels) to better understand this phenomenon. 
The influence of glaucomatous visual impairment on drivers’ eye movement patterns while 
performing driving-related tasks, both in the laboratory and on-road, also require further 
investigations. This is particularly important in light of the findings from Experiments 2 and 
3, that saccade amplitudes are altered with glaucomatous visual impairment, are at odds with 
findings of some earlier driving-related studies that did not find such a change in eye 
movement patterns with glaucoma (Crabb, et al., 2010; Prado Vega, et al., 2013). Such 
studies should ideally include larger sample sizes, given the relatively small samples in 
Experiments 2 and 3. Increasing the sample size would also enable investigation into how the 
different locations and severity of glaucomatous visual field defects may affect driving and 
driving-related task performance in different ways, as well as the associated eye movement 
patterns. In a recent report (Huisingh, et al., 2015b), older drivers with visual field loss in the 
inferior and left region (for driving on the right side of the road) were found to have higher 
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risks of at-fault traffic crash than those with field loss in the superior and right regions. In 
contrast, Glen et al. (2014) reported that simulated defects in the superior field negatively 
impacted road hazard detection ability in the laboratory to a larger extent than defects in the 
inferior field. It is hence likely that corresponding variations in eye movement alterations 
may be observed with different locations of glaucomatous visual field loss. 
The relationship between saccade amplitudes and driving-related performance should also be 
further investigated to ascertain the relationship between the two parameters among older 
drivers with glaucoma, which is important to establish before conclusions regarding 
compensatory behaviour can be drawn. Such investigations should be conducted whilst 
drivers perform a range of driving-related tasks, including those in laboratory (e.g. HPT and 
driving simulator), as well as on-road driving. 
Closed-road studies could also incorporate moving or abruptly appearing hazards, which 
would better represent the nature of road users and traffic hazards in the real world. 
Additionally, during the laboratory-based tasks in Experiment 2, the glaucoma group 
demonstrated eye movement patterns suggestive of reduced visual attention allocated to the 
road users and hazards, but such analyses in the current closed-road driving experiment were 
not achievable due to the limitations of the ASL Mobile Eye-XG system (including scene 
camera resolution and eye tracking accuracy). Future on-road studies that focus on the gaze 
behaviour on road hazards would therefore be desirable. In addition, during on-road driving 
experiments, it would be beneficial to employ a more standardised technique of head 
tracking, as well as integrating the head tracking and eye tracking data. This approach would 
potentially yield more accurate representations of drivers’ scanning behaviour. 
Given that night-time driving difficulty is a common complaint amongst older drivers with 
glaucoma (Ramulu, 2009; Ramulu, et al., 2009), night-time closed-road driving studies 
would be extremely useful. Such studies would enable in better understanding of the effects 
of reduced luminance levels and glare from oncoming vehicle headlights on the scanning 
behaviour of older drivers with glaucoma, providing deeper insight into the mechanisms 
underlying elevated crash rates during night-time driving. 
Subsequently, open-road experiments would also be useful to further explore the eye 
movement patterns of older drivers with glaucoma. Open-road assessments would allow 
investigation into how drivers visually search and interact with traffic in the real world, as 
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well as how they monitor their blind spot and mirrors. Furthermore, it would be useful to 
explore how eye movement patterns are altered when driving on different types of road (e.g. 
highways, urban, suburban, and rural areas). There has been some previous evidence of 
different eye movement patterns on different road types while visually-normal drivers 
performed the laboratory-based HPT (Chapman & Underwood, 1998). It is therefore likely 
that there will be corresponding differences in eye movement patterns in various types of 
driving environment in traffic, particularly amongst drivers with visual impairment. 
Finally, in addition to visual impairment from optical blur and glaucoma, the eye movement 
patterns of drivers with visual impairment from other common eye conditions, such as 
cataract and AMD, should also be studied to better understand the impact of these eye 
diseases on driving safety and visual search behaviour. 
6.4. Conclusions 
The findings from the current research program contribute to current knowledge on the 
scanning behaviour and driving-related task performance of older drivers with visual 
impairment, and how they differ from those of visually-normal controls. This provides better 
insight into the mechanisms underlying the impact of visual impairment on driving 
performance and crash risk. Optical blur reduced the ability to identify whether a road user 
might be a hazard, and this was reflected by the longer fixation durations on hazards recorded 
prior to participants response. This impaired performance is likely to be related to the 
reduction in central vision resulting from optical blur. Moreover, this study was the first to 
describe how optical blur may differentially influence eye movement patterns depending on 
whether the visual scene was static or in motion. Optical blur appears to have larger impacts 
on eye movement patterns when viewing static scenes, specifically resulting in reduced 
saccade amplitude and horizontal search variance, reflecting the observer’s difficulty in 
viewing the scenes. However, these changes with blur were not evident when participants 
viewed dynamic visual scenes, possibly owing to the visual motion in the scenes, which 
could be a source of visual saliency. 
This study was also the first to report that older drivers with glaucoma have more delayed 
hazard response time than those with normal vision, as demonstrated during the laboratory-
based HPT. This provides evidence for their impaired hazard detection ability, which may 
contribute to their increased crash risk and reduced driving performance. In addition, the 
glaucoma group demonstrated shorter fixation durations on the DriveSafe road users and 
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delayed time to first fixation on hazards in the laboratory, reflecting the group’s difficulty in 
identifying the relevant areas and resolving details in the visual scenes, corresponding to their 
decline in the respective task performance. Furthermore, on the closed-road, older drivers 
with glaucoma had poorer overall driving performance and hit more low-contrast hazards 
than the controls.  
Interestingly, the glaucoma group exhibited smaller saccades than the controls while 
performing the laboratory-based driving-related tasks, yet larger saccades were observed in 
the glaucoma group during the closed-road drive. This discrepancy may be related to the 
higher visual demands of on-road driving, which covers a much larger visual angle than the 
laboratory-based tasks, with the driver and vehicle physically moving through the driving 
environment. In both the laboratory-based HPT and closed-road driving assessments, larger 
saccades were linked to faster hazard response times and better driving performance in the 
glaucoma group, but not the controls. This implies that it is possible to effectively 
compensate for glaucomatous visual deficits by altering eye movement patterns, although 
further research is needed to confirm this relationship. 
In the next few decades, the number of older drivers on the road is anticipated to increase. 
These drivers include those with visual impairment, which raises road safety concerns due to 
their elevated crash risk. However, the restriction or cessation of driving can have detrimental 
impacts on older adults’ independence and quality of life; efforts should therefore be made to 
enable these drivers to continue driving for as long as it is safe. However, a fundamental 
challenge is the limited understanding of the mechanisms underlying their elevated crash 
rates and reduced driving performance. The results from this research program have revealed 
some significant differences in eye movement patterns and visual scanning behaviour 
between older drivers with visual impairment and their visually-normal counterparts while 
performing driving-related, laboratory-based tasks and during on-road driving. This 
knowledge serves as a useful basis for future explorations of potential compensatory 
behaviour training among drivers with visual impairment, which may assist them in 
maintaining or improve driving performance and safety. The current findings could 
additionally assist in the development of a standardised and validated test battery that could 
aid clinicians in identifying drivers who demonstrate the potential to compensate for their 
visual loss by alteration of eye movement patterns.  
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APPENDICES 
Appendix 1 Five-point calibration for the ASL Mobile Eye-XG 
eye tracker  
 
 
Dimensions of calibration board positioned 2.5 m in front of participant. 
 
Coordinate data obtained from the eye tracker (in terms of pixels) for each of the five fixation 
targets for each individual participant was used to compute distances Χ and Υ. This was then 
used to determine the number of pixels that constitute 1 degree of visual angle, which was 
unique for each participant. 
The number of pixels per 1.6° for each participant was then computed, and this value was 
entered into the “.emov” package in R, to determine fixations. 
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Appendix 2 Computational process for angular position of 
driver’s head 
Angular velocity measurements from the head and vehicle were initially processed separately 
in steps 1 to 3 below to obtain the respective angular displacements and positions. A 
summary of the process for computing the angular position of driver’s head is presented in 
the flowchart below, followed by a detailed description of the process. 
 
 
 
Step 1: Angular velocity – correction for bias 
Gyroscopes are prone to certain levels of drift called bias errors. This is the output from the 
gyroscope in the absence of any rotation or movement (Acar & Shkel, 2008). To correct for 
this, the bias rates for each phone was determined prior to the start of the recording by 
stationing the phone on a stable surface. As an example, in Figure A, the gyroscope sensor 
logged an angular velocity in the yaw axis of approximately 0.006 radians per second 
(0.3°/s), or 0.0002 radians per frame (0.01°/frame), when the phone is not in motion. This 
error was accounted for by subtracting the raw angular velocity outputs from the gyroscopes 
at each time frame by this error value. 
 
Step 1: 
 
 
 
Step 2: 
 
 
Step 3: 
 
 
 
 
Step 4: 
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The corrected values were then converted from radians per second to degrees per second for 
calculation and reporting in this thesis. 
 
Figure A. Screenshot of the Gyroscope output using the Sensor 
Kinetics phone application in the absence of any movements or 
rotations. 
 
 
 
 
 
Step 2: Angular displacement 
Angular displacement at each recording time point, which is the change in angular position 
from the previous recording sample (Δθ), was computed with the following formula: 
Δθ =  
ω
𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
 
Where ω is the angular velocity obtained from the gyroscope sensors (after correcting for 
bias in Step 1) at a specific recorded and the sampling rate is a constant value of 30 Hz. 
Step 3: Angular position 
Angular positions (θ) were determined by adding the displacement value to the previous 
positional value, starting from a value of zero (straight ahead angular position). 
For example: 
Time Angular displacement (Δθ) Angular position (θ) 
0.00 s - 0.0° 
0.33 s 1.2° 0 + 1.2 = 1.2° 
0.66 s 0.7° 1.2 + 0.7 = 1.9° 
1.00 s −0.3° 1.9 – 0.3 = 1.6° 
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The same calculations were automated for all time points to obtain the angular position at 
0.33 s intervals. 
Step 4: Angular position of driver’s head 
The difference between the computed angular positions from the head and vehicle 
gyroscopes gave the head angular position of the driver independent of the vehicle’s position. 
The following flowchart sums up the computation steps: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reference: 
Acar, C.& Shkel, A. (2008) MEMS Vibratory Gyroscopes: Structural Approaches to Improve 
Robustness (MEMS Reference Shelf). New York, NY: Springer Publishing Company, 
Incorporated. 
